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Cross protection is the phenomenon through which a mild strain virus 
suppresses symptoms induced by a closely related severe strain virus in infected 
plants. Hibiscus latent Singapore virus (HLSV) and Tobacco mosaic virus (TMV) 
are species within the genus of tobamovirus. HLSV protects Nicotiana 
benthamiana against TMV-U1 strain, inducing mild symptoms instead of severe 
systemic necrosis caused by TMV infection. Both the results from real time RT-
PCR and western blot shown that HLSV accumulation increased in cross 
protected plants compared with that of single HLSV infected plants while TMV 
decreased, which suggested viruses compete for host factors during replication.  
A microarray was conducted to monitor global host genes during cross 
protection. A number of 1,938 genes were changed in response to HLSV infection 
and 1,826 genes were changed in response to cross protection by HLSV. By a 20-
day time course, it was understood that host genes, NbVPE1a, NbACO, 
NbSAR8.2m, NbWIPK, NbWRKY8, NbTOM1 and NbHsp101, corresponded to 
TMV accumulation. At the same time, some other host genes, NbARP1, NbCaM3, 
NbCP2 and NbPI, were up-regulated only by HLSV.  
Host proteins are essential for plant virus multiplication. Tobamovirus 
multiplication gene 1 in Arabidopsis thaliana (AtTOM1) and other homologues of 
AtTOM1, ADP-ribosylation factor-like 5B in Nicotiana tobacum (NtARL8) and 
other 10 more proteins were reported involved in tobamovirus multiplication. 
NbTOM1 was chosen for competition analysis of host factors in virus replication. 
The results indicated that host factors are competed by viruses during mixed 
infection.  
The cell structure and morphology studies show that the cell death caused 
by TMV infection was reduced in cross protected plants. NbCP2 was up-regulated 
by HLSV and facilitated HLSV in viral accumulation. With the overexpression of 
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NbCP2, both HLSV and TMV accumulation increased in single virus infection. 
The overexpression of NbCP2 can only facilitate HLSV accumulation in 
HLSV+TMV 100:1 mixed infection. At the same time, the silencing of NbCP2 
can be overcome by HLSV infection. NbCP2 can be up-regulated by HLSV 
infection in cross protected plants. Taken the serial amount of TMV inocula in 
large scale of cross protection and HLSV/TMV accumulation shift in cross 
protected plants, these results indicated that the up-regulation of NbCP2 
facilitated HLSV accumulation in cross protected plants and the reduced 
accumulation of TMV will postpone the cell death caused by TMV infection. 
Besides competition of host factors in replication, NbCP2 is another important 
factor in a successful cross protection as an enhancer of HLSV accumulation. 
Host proteins involved in cross protection between HLSV and TMV were 
identified by yeast two hybrid (Y2H) using a cDNA library of N. benthamiana 
constructed. Some interesting host protein candidates from N. benthamiana which 
interacted with HLSV CP were screened using HLSV coat protein as a bait 
protein. Among them, tonoplast intrinsic protein (TIP) was chosen as a candidate. 
These interactions between open reading frame of NbTIP and viral proteins were 
achieved in the following verification using small scale Y2H and bimolecular 
fluorescence complementation (BiFC) assay. Although there was interaction 
between NbTIP and viral proteins by Y2H, it failed to verify the interactions by 
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Chapter 1 Introduction 
1.1 Plant diseases caused by plant viruses  
1.1.1 An overview of plant diseases 
Plant diseases are caused by plant pathogens and physiological factors. 
Plant pathogens  include fungi, oomycetes, bacteria, viruses, viroids, virus-like 
organisms, phytoplasmas, protozoa, nematodes and parasitic plants. Physiological 
factors include weather damage and nutrition deficiencies.  
1.1.2 Plant viruses diseases  
Plant diseases caused by plant pathogen viruses are taken into consideration 
since the discovery of first virus Tobacco mosaic virus in the late 19
th
 century. 
Currently, based on the genome properties, plant viruses are classified into 4 
clusters, single strand RNA virus (ssRNA virus), double strand RNA virus 
(dsRNA virus), and single strand DNA virus (ssDNA virus) and double strand 
DNA virus (dsDNA virus). Plant viruses are frequently named by the name of 
their hosts and the main symptom caused. More than 400 plant viruses have been 
reported and studied. The study of plant diseases caused by viruses is essential 
and important as there is no chemical control for plant virus diseases management. 
Plant viruses are classified into mild strain and severe strain in accordance with 
the virulence. When the virus infects the host plant and causes plant disease, there 
are some host responses. 
1.2 Host plant response  
1.2.1 Plant response 
With pathogen infection, plant response will be initiated. Plant virus 
infection can result in the rapid cell death which is known as hypersensitive 
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response (HR). The HR is characterized as necrotic lesions on the infection site. It 
was also described as programmed cell death (Mittler, Shulaev et al. 1996; Mittler, 
Simon et al. 1997). The biochemical changes, which are occurring along HR, 
include producing an oxidative burst by generating reactive oxygen species (ROS), 
superoxide anions, hydrogen peroxide, hydroxyl radicals and nitrous oxide 
(Jeffers, Kerins et al. 2007). Systemic acquired resistance (SAR) is another host 
plant response besides HR. SAR is a durable, broad and systemic response for 
plants encountering plant pathogen infections (Ryals, Uknes et al. 1994).  
1.2.2 Virus infection change host plant gene expression levels 
Plant viruses are obligated intracellular parasites. They utilize the host 
translational machinery for their successful replication and translation of viral 
proteins. Meanwhile, plant gene transcriptional level can be affected by virus 
infection, replication and accumulation. These changes will reflect either in plant 
physiology or plant development (Golem and Culver 2003; Huang, Yeakley et al. 
2005). Beside the changes of host gene in transcriptional levels, there are also 
alterations in plant hormones during virus infection. 
1.2.3 Plant hormone level changed post virus infection 
Plant hormones are important in plant development. Plant hormones include 
abscisic acid (ABA), auxins, cytokinins, ethylene, gibberellins and other known 
hormones. Auxin and ethylene have been reported to play roles in virus infection 
(Geri, Love et al. 2004; Padmanabhan, Goregaoker et al. 2005). Additionally, 
hormone proteins interact with viral protein which enhance virus infection 
(Padmanabhan, Kramer et al. 2008). Besides hormone protein and viral protein 
interaction, viral protein was also affected by the interaction of hormone protein 
and other proteins (Zhu, Gao et al. 2005). After the discussion of the changes in 
plant hormones level, the protein interaction, another kind of host response, will 
be described in section 1.2.4. 
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1.2.4 Plant proteins interact with viral proteins 
Host proteins that interact with viral RNA dependent RNA polymerase 
(RdRp) are believed to be involved in virus replication (Carette, Stuiver et al. 
2000; Wang, Ullah et al. 2000; Park, Park et al. 2009). Chaperone proteins were 
suggested in facilitating proper synthesis and folding of viral proteins (Glotzer, 
Saltik et al. 2000). Host protein interacting with viral movement proteins will 
contribute to virus transporting (McLean, Zupan et al. 1995; Boyko, Ferralli et al. 
2000). Cross protection occurs between two different viruses infect one same host 
plant. The phenomenon and definition will be clarified in section 1.3. 
1.3 Cross protection studies 
Cross protection is a phenomenon in which infection of plant tissues by 
mild or non-symptomatic virus or mutant virus strain suppresses the disease 
symptoms induced by another closely related and severe virus strain (Dodds, Lee 
et al. 1985; Valle, Skrzeczkowski et al. 1988; Pennazio, Roggero et al. 2001; 
Ziebell, Payne et al. 2007). Cross protection has been known for more than one 
century, the mechanism underlying it is still not clear for all phenomena. The 
detailed literature review about the mechanisms will be provided. In this section, 
some early explanation about competition for replication materials, coat protein 
involvement, pathogen-derived resistance, RNA silencing and exclusion and 
spatial separation will be discussed. 
At the early stage, some researchers suggested that viruses required some 
components for replication, indicating that the protecting strain might occupy 
some specific sites for replication. However, there were few evidences to support 
it (Bawden 1934; Kohler 1934; Kunkel 1934; Caldwell 1935; Bawden 1964; Hull 
and Plaskitt 1970; Kassanis, Gianinaz et al. 1974).  
In the late 1970s, de Zoeten and Fulton proposed that coat protein (CP) of 
protecting virus strain pre-present in protected plant cells would arrest genomic 
RNA of the challenging strain before its replication. Later, the CP of the 
4 
 
protecting virus strain preventing uncoating of the challenge virus strain was 
proposed (Gaard and de Zoeten 1979; Sherwood and Fulton 1982). A TMV CP-
deficient mutant DT-1G protected N. sylvestris from Turnip mosaic virus (TuMV) 
and TMV with less efficiency as compared to TMV wild type (Sherwood 1987). 
This seems to support CP requirement in cross protection. However, further study 
found that successful cross protection can be realized without participation of CP 
(Gerber and Sarkar 1989). Cross protection was further studied in two different 
tobamoviruses instead of two strains. According to Zinnen and Fulton (1986), 
wild type Sunn-hemp mosaic virus (SHMV) could protect host against SHMV 
mutant and also provide a weak protection against common tobacco mosaic virus 
(TMV-C). By in vitro study, it was found that BMV CP might coat TMV RNA 
template and obscure replication recognition site to interfere with virus replication 
(Horikoshi, Nakayama et al. 1987).  
Pathogen-derived resistance is another mechanism which confers cross 
protection. From the 1980s, transgenic plants expressing a viral protein gene have 
been studied in cross protection. Expression of a viral protein in host plant 
stimulates resistance to certain virus (Nelson, Abel et al. 1987; Gottula and Fuchs 
2009). N. benthamiana plants expressing TMV CP by PVX-derived gene 
expression vector when challenged by TMV showed delayed symptoms (Culver 
1996). Additionally, N. benthamiana plants expressing untranslatable TMV CP 
gene by PVX-derived gene expression vector can also protect plant from TMV. 
Although the transgenic plants express TMV CP can protect plants from TMV, 
the resistance could be overcome by inoculation with purified viral RNA or 
higher concentration of inocula from the challenge virus strain. Different results 
were observed in the study of cross-protection between Potyvirus (PVA) strains 
that cross protection cannot be overcome by  PVA RNA infection (Valkonen, 
Rajamaki et al. 2002). It was demonstrated that transgene TMV CP interfered 
with the challenge virus in uncoating TMV RNA (Nelson, Abel et al. 1987; Lu, 
Stubbs et al. 1998).  
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RNA silencing is one of the plant defense mechanisms and is also studied as 
one of the possible mechanisms contributing to cross protection. Some models 
have been proposed and revised. When encountered with virus infection, double-
stranded replicative RNAs of the virus were recognized by plant Dicer-like 
complex and degraded by the endonuclease. Viruses have evolved to encode one 
or more suppressors to counter the silencing. Gal-On and Shiboleth (2006) 
suggested that siRNA derived from viral RNA enter neighboring cells and might 
prime RNA silencing in those cells, which might be activated RNA-induced 
silencing complex (RISC) and induce degradation of challenge virus. The 
uncoated RNA from challenge strain may be hybridized with protecting strain and 
the hybridized RNA might be cleaved by Dicer-like protein (Ziebell and Carr 
2010). This model would easily explain why cross protection was mostly 
successful between closely related virus strains. Some evidences showed 
involvement of RNA silencing in cross protection. (Valkonen, Rajamaki et al. 
2002; Kubota, Tsuda et al. 2003; Lin, Wu et al. 2007; Tsuda, Kubota et al. 2007).  
Exclusion and spatial separation represent another explanation for cross 
protection. In the protecting cells, the protecting stain provided successful cross 
protection encountered with challenging virus which has been revealed by virus-
specific RT-PCR and in situ hybridization in cross protection between CMV△2b 
and  wild-type CMV (Ziebell, Payne et al. 2007; Nakazono-Nagaoka, Takahashi 
et al. 2009). CMV strains from different subgroups could eliminate each other 
from tissues in both the inoculated and systemically infected leaves (Takeshita, 
Kikuhara et al. 2004). Although cross protection between one virus stain and its 
mutant strain have been studied in the past several decades, there are few studies 
which review the phenomenon of cross protection between two viruses belonging 
to the same genus. The mechanism underlying it is still unclear.  
Hibiscus latent Singapore virus (HLSV) and Tobacco mosaic virus (TMV) 
both belong to tobamovirus. The two viruses cause different symptoms in N. 
benthamiana.  HLSV can infect Hibiscus plants and N. benthamiana without 
inducing obvious symptoms, but TMV can infect different tobacco species with 
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different symptoms. Typically, TMV can infect N. tobacum with mosaic symptom, 
while it can cause local lesions on N. glutinosa. In addition, TMV infects N. 
benthamiana and causes necrosis of the vascular system after 7 to 10 days. 
The above discussion shows that competition for replication materials, coat 
protein involvement, pathogen-derived resistance, RNA silencing and exclusion 
and spatial separation are the possible mechanisms in different modules. In this 
study, it might be very important to verify if there are some replication materials 
which competed by HLSV and TMV in cross protection as there is less similarity 
between the two viruses in viral genomic RNA level. It will be the first time to 
review the profiling changes before and during cross protection between HLSV 
and TMV in N. benthamiana using Microarray analysis. In the next section, the 
specific objectives and the significances of this study will be described. 
1.4 Gaps and purpose of this study 
In the previous sections, the mechanisms of cross protections including 
some early explanation, coat protein involvement, pathogen-derived resistance, 
RNA silencing and exclusion and spatial separation have been discussed. 
These explanations mainly focused on the cross protection between a 
mutant virus and its wild type belonging to the same strain. However, few studies 
review the mechanism of cross protection between two viruses from the same 
genus. It is not clear if the two viruses belonging to the same genus compete for 
the replication materials. It is also unclear if the protecting virus changes the 
transcriptional levels of host genes to limit the replication of the challenge virus. 
The specific objectives for this study are: 
1.  To confirm if there is cross protection between HLSV and TMV. 
2. To determine HLSV and TMV RNA levels by real time RT-PCR during 
cross protection in N. benthamiana. 
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3. To examine host transcriptional profiling before and during cross 
protection by microarray analysis, identify host proteins involved in cross 
protection between HLSV and TMV using Yeast two hybrid. 
4. To test if there is competition for host factors in cross protection. 
5. To analyze the function of genes that are down- or up-regulated after 
HLSV infection which interfere with TMV infection. 
6. To screen host proteins interact with viral HLSV coat protein. 
This study may find some evidences which support the two viruses in cross 
protection competing for the replication materials, such as the host proteins. It 
could firstly report the transcriptional changes before and after cross protection 
between Hibiscus latent Singapore virus (HLSV) and Tobacco mosaic virus 
(TMV) in the host plant. It might also shed light on a better understanding of the 
mechanism of cross protection between two viruses in the same genus. 
This study mainly focuses on the mechanism study of cross protection 
between HLSV and TMV in host protein level and transcriptional levels. As 
HLSV and TMV belong to same genus, the mechanism of cross protection 
between a mutant virus and its wild type is beyond the scope of this study. 
Chapter 2 described the detailed materials and methods. The result about 
cross protection between HLSV and TMV in N. benthamiana, microarray analysis, 
competition analysis of NbTOM1 between HLSV and TMV, the involvement of 
NbCP2 and NbPI in cross protection, screening of host interaction proteins with 
Hibiscus latent Singapore virus coat protein, conclusion and future work will be 





Chapter 2 General Materials and Methods 
2.1 Media and buffers 
LB medium: 1% Bacto
®
 - tryptone, 0.5% Bacto
®
 - yeast extract, 0.5% NaCl, pH 
7.0 
LB agar: LB medium with 1.5% Bacto
®
 - agar, pH 7.0 
TAE: 40 mM Tris-acetate, 20 mM sodium acetate, 1 mM EDTA, pH 8.2 
TBE: 89 mM Tris-borate, 2 mM EDTA, pH 8.3 
TE: 10 mM Tris-HCl, 1 mM EDTA, pH 8.0 
2.2 Plant materials and inoculation 
2.2.1 Plant materials and growth conditions 
Nicotiana benthamiana seedlings were sown on the surface of soil. The 
seedlings (10 days old) were transferred into flowerpots and grown in the plant 
growth room under the conditions of 16 h light and 8 h dark at 23 °C. 
Chenopodium amaranticolor seedlings were used for testing of infectious units of 
Hibiscus latent Singapore virus and Tobacco mosaic virus in this study. C. 
amaranticolor seeds were allowed to imbibe on water-wetted filter paper for 
seedlings growing and then transferred into flowerpots. The seedlings and plants 
of C. amaranticolor were grown in the same condition as described above. 
2.2.2 Plant virus inoculation 
Plants were infected by mechanical inoculation. The young and fully 
expanded leaves of the plants were dusted with carborundum and inoculated with 
the different inocula diluted in 10 mM NaPO4 (pH 7.2). About 150 ng purified 
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viruses were inoculated onto one leaf and two leaves per plant were inoculated. At 
appropriate times after inoculation (as stated in the text of different sections), 
leaves were homogenized in liquid nitrogen for plant RNA extraction and total 
protein extraction. 
2.3 Molecular cloning 
2.3.1 Polymerase chain reaction (PCR) 
Normal PCR was set up for 25 μl of volume in a 0.2 ml micro-centrifuge 
PCR tube as follows: 1X enzyme buffer, 0.2 mM of each dNTP, 1.5 mM MgCl2, 
1 μM of each primer, 1.25 units of polymerase and 10 ng/μl of DNA template. 
Amplification was performed in a Bio-Rad PCR System S1000
TM
 thermal cycler 
using specific programs according to different reactions. PCR products were 
examined by in a proper concentration of agarose gel electrophoresis. 
2.3.2 Purification of PCR fragments and DNA fragments from 
agarose gel 
The amplified PCR product or DNA fragment was separated in a proper 
concentration of agarose gel. The specific band was cut from the gel under blue 
light of Invitrogen safe imager
TM
 2.0, and was purified directly by Promega 
Wizard
○R  SV gel and PCR clean-up system according to the manufacturer’s 
instructions. 
2.3.3 Ligation of DNA inserts into plasmid vectors 
For T-A ligation of PCR product, the ligation reaction was set up according 
to the manufacturer’s instructions of pGEM-T easy vector and incubated at room 
temperature for 1 h or at 4 °C overnight. For other cloning, the plasmid vectors 
and DNA fragments were digested with suitable restriction enzyme(s) and 
purified; ligation reaction was set up to 10 μl of volume in a 1.5 ml micro-
centrifuge tube as follows: 1X reaction buffer, molar ratio of DNA insert to vector 
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was 3:1, 1 units of T4 DNA ligase (Promega). The reaction was incubated at room 
temprerature overnight. 
2.3.4 Preparation of competent Escherichia coli (E. coli) 
Competent cells of DH5α or TOP10 were prepared. Briefly, one single 
colony from freshly streaked plate was inoculated into 2 ml Luria-Bertani (LB) 
medium and incubated overnight at 37 °C with vigorous shaking (220 rpm). Then 
the 2 ml culture was sub-cultured into 100 ml of LB medium in a 250 ml flask 
and grown to an OD 600 of 0.4-0.6 at 37 °C with vigorous shaking. Following, 
the bacterial culture in the flask was placed on ice for 10 min; the culture was 
transferred to a 50 ml falcon tube and harvested at 4000 rpm at 4 °C for 10 min. 
The pellet was resuspended in 50 ml of ice-cold 0.1 M CaCl2 and incubated in an 
ice bath for 10 min, and harvested as described above. The cell pellet was gently 
resuspended in 5 ml of 0.1 M CaCl2 with 15% glycerol and 350 µl DMSO (7%). 
After incubating on ice for one hour, the cell suspension was dispensed into pre-
chilled micro centrifuge tubes and frozen by liquid nitrogen immediately. The 
frozen competent cells were then stored in -80 °C. 
2.3.5 Transformation of bacteria with plasmids or ligation 
product 
Competent cells were thawed on ice for 5 min and 10-100 ng of DNA or 5 
µl of the ligation product was mixed gently with the competent cells. The mixture 
was incubated on ice for 30 min. Subsequently the mixture was heat-shocked at 
42 °C for 90 sec and chilled on ice for another 3 min. The cells were cultured in 
400 µl LB medium without antibiotics at 37 °C for 40 min. About 100 µl of the 




2.3.6 Plasmid purification from E. coli 
Single bacterial colonies were individually inoculated into 2 ml of LB 
medium with appropriate antibiotics. The cultures were incubated at 37 °C with 
vigorous shaking for 12-16 hr. About 1.5 ml of the overnight cultures were 
transferred into a micro centrifuge tube and harvested at 12,000g for 2 min. The 
bacterial pellet was followed by purification of plasmids with the Axygen 
AxyPrep
TM
 plasmid miniprep Kit, according to the manufacturer’s instructions. 
2.3.7 DNA sequencing 
Sequencing reaction was set up at 10 μl of volume containing 0.25 μg of 
DNA template, 1.6 pmol of primer, and 1 μl of BigDye terminator reaction 
mixture (ABI PRISM TM Dye terminator Cycle Sequencing Ready Reaction Kit). 
The sequencing was performed on the Bio-Rad PCR System S1000
TM
 thermal 
cycler as follows: 25 cycles of 96 °C for 10 sec, 50 °C for 5 sec, 60 °C for 30 sec; 
rapid thermal ramp to 16 °C and hold. The reaction was purified by ethanol 
precipitation and the DNA sequences were determined by 3130 Genetic Analyzer 
(Applied Biosystems). The sequence was BLAST and analyzed using DNASTAR 
Lasergen (http://www.dnastar.com/t-allproducts.aspx). 
2.4 Analysis of gene transcriptional level  
2.4.1 Total RNA isolation 
TRIzol
®
 reagent and RNA extraction buffer were used to isolate total RNA 
from plant leaves. All the pipette tips and micro centrifuge tubes were autoclaved 
at 121°C for 15 min before the usage in this experiment. For TRIzol
®
 method, 
plant tissues were frozen and homogenized in liquid nitrogen, after which 800 µl 
of TRIzol
®
 reagent was added to the homogenized tissue powder. The tissue 
lysate was then vortexed vigorously and incubated at room temperature for 5 min. 
Then 160 µl of chloroform was added and shaked vigorously for 20 sec and 
centrifuged at 12,000g, 4 °C for 15 min. After centrifugation, the clear aqueous 
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phase was transferred into a new RNase free micro centrifuge tube and the same 
volume of isopropanol was added to precipitate RNA at RT for 10 min. The total 
RNA pellet was harvested by centrifugation at 12,000g, 4°C for 10 min. The total 
RNA pellet was washed using 1 ml of 75% ethanol twice. The total RNA pellet 
was air-dried and stored at -80 °C freezer. 
For RNA extraction buffer method, plant tissues were frozen and 
homogenized in liquid nitrogen, after which 600 µl of phenol/chloroform and 
RNA extraction buffer (20 mmol/L Tris·HCl (pH7.8), 200 mmol/L NaCl, 5 
mmol/L EDTA, 1.0% SDS) were added to the homogenized tissue powder. The 
tissue lysate was then vortexed vigorously and incubated on ice for 10 min and 
centrifuged at 12,000g, 4 °C for 15 min. The aqueous phase was transferred in to 
a RNase-free Eppendof tube and same volume of 4 M LiCl was added to 
precipitated RNA at 4 °C overningt. Then the RNA pellet was harvested by 
centrifugation at 12,000g, 4 °C for 15 min. The RNA pellet was washed twice 
using 75% ethanol. The total RNA pellet was air-dried and stored at -80 °C 
freezer. 
Before reverse transcription, the RNA pellet was dissolved 20- 30 µl The 
RNase-free water. The concentration of RNA was measured by a NanoDrop 
2000c spectrophotometer (Thermoscientific, USA). 
For viral RNA level detection during cross protection, total RNA was 
isolated at 3, 7, 12, 15, 18 and 20 days post mock or HLSV inoculation. At the 
same time, total RNA was also extracted from TMV and cross protected plants 
(H+T) at 3, 5 and 8 days post TMV infection (equal to 15, 18 and 20 days post 
mock/HLSV inoculation). 
For overexpression analysis of a certain genes, total RNA was isolated for 
detection of viral RNA and host gene transcripts at 40 hrs post virus inoculation.  
For silencing analysis of host genes, total RNA was isolated at 40 hrs post 
virus inoculation (post 14 days Agroinfiltration for VIGS). 
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2.4.2 Reverse Transcription 
The cDNA synthesis was performed using SuperScript III First-strand 
Synthesis system (Invitrogen, USA) according to the manufacturer’s instructions. 
Two µg of total RNA was mixed with 2.5 µM oligo(dT)20 and 0.5 mM dNTP 
mix, and was topped up to 10 µl with diethyl-pyrocarbonate (DEPC)-treated 
water. The mixture of RNA, dNTP and primers was denatured at 65°C for 5 min, 
followed by incubation on ice. To each tube of the denatured RNA, dNTP and 
primers, the mixture containing 2 μl of 5 X cDNA synthesis buffer, 2 μl of 50 
mM MgCl2, 0.5 μl of 0.1 M DTT, 0.5 μl of RNaseOUT (40 U/μl) and 0.2 μl 
SuperScript III was added. The reaction was placed into the thermal cycle and 
incubated at 55°C for 60 min and terminated at 75°C for 5 min. 
RNA was removed by incubating the reaction with 1μl RNase H at 37°C for 
20 min. The final product was diluted 10 fold with sterile Mili Q water, and stored 
at -20°C. 
2.4.3 Real-time RT-PCR 
Quantitative Real-time PCR was performed in triplicates with cDNA 
samples and gene-specific primers on CX384TM Real-Time PCR Detection 
System machine (Bio-Rad). The reaction was using The KAPA SYBR
®
 FAST 
qPCR kit, forward and reverse primers, cDNA template and sterile water were 
used in the real-time RT-PCR. The reactions were added in triplicate into the 
wells of the 384-well clear reaction plates (Bio-Rad), which was sealed with 
Optical adhesive cover (Bio-Rad) and placed into the Real-time PCR machine. 
The reaction was denatured at 95°C for 3 min, followed by 40 cycles of 
denaturation at 95°C for 10 sec, and extension at 55°C for 30 sec. Specific 
primers to NbEF1α and NbACTIN were also amplified in triplicate and used as 
internal controls. The specificity of each pair of gene specific primers was 
determined by the dissociation curve and the sequencing result of each PCR 
product from each pair of primers. The relative expression level of each gene was 
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calculated with the difference between cycle threshold (Ct) of target genes and 
internal control (Δ Ct=Cttarget gene-Ctinternal control), that was 2-Δ Ct. The 
error estimated for the average ΔCt value was propagated into each of the ΔΔCt 
values for the test samples. In the final calculation, the error is estimated by 
evaluating the 2
-ΔΔCt
 term using ΔΔCt plus the standard deviation and ΔΔCt minus 
the standard deviation.  
2.5 Yeast two-hybrid 
2.5.1 Plasmid construction for yeast two-hybrid assay 
The gene cloning processes were the same as described in section 2.2. The 
plasmid used were pGADT7 (AD) and pGBKT7 (BD) vectors (Clontech, USA), 
which harbouring the GAL4 DNA activation domain and binding domain, 
respectively. Genes of interest were cloned into AD or BD vectors. 
2.5.2 Preparation of yeast competent cells (LiAC method)  
Frozen yeast stock (AH109 or Y187) was streaked onto an YPDA agar 
plate for single colony isolation. The plate was incubated upside down at 30 °C 
until colonies appear (around 3 days). Each colony (within 4 weeks old, 2-3 mm 
in diameter) was inoculated into 3 ml of YPDA liquid medium in a sterile, 15-ml 
green-cap tube. The culture was incubated at 30 °C with shaking for 8 hr and 5 µl 
of the culture was then transferred into 50 ml of YPDA in a 250 ml flask. The 
flask was incubated at 30 °C with shaking at 220 rpm for 16–20 hr. When the 
OD600 reading of the culture reached 0.15–0.3, the yeast culture was harvested at 
700g for 5 min at room temperature. The supernatant was discarded and the cell 
pellet was re-suspended and further cultivated in 100 ml liquid YPDA medium 
until the OD600 reading reached 0.4-0.5. The cells were collected at 700g for 5 
min at room temperature. The cell pellet was resuspended in 50 ml of sterile, de-
ionized H2O. After centrifuged at 700g for 5 min at room temperature, the cells 
were resuspended in 3 ml of 1.1X TE/LiAc Solution (11% of 10X TE Buffer and 
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11% of 1 M LiAc). The resuspension was splited between two 1.5 ml 
microcentrifuge tubes and centrifuged at high speed for 15 sec. The cell pellet was 
resuspended in 600 µl of 1.1X TE/LiAc Solution. This resuspension is the yeast 
competent cell. 
2.5.3 Transformation of plasmids into the yeast cells 
The desired amount of Herring DNA was transferred to a microcentrifuge 
tube and heated at 100 °C for 5 min before the yeast competent cell 
transformation and then chilled on ice. This was repeated once. 
The transformation was carried out in a sterile, pre-chilled, 1.5 ml tube with 
the following components mixing: 0.1 µg plasmid DNA, 5 µl denatured Herring 
Testes Carrier DNA, and 50 µl of competent cells. The mixture was gently mixed 
well and then 0.5 ml PEG/LiAc Solution was added (8 ml of 50% PEG 3350, 1 ml 
of 10X TE Buffer, 1 ml of 1 M 10X LiAc). After the mixture was mixed 
completely, it was incubated at 30 °C for 30 min with cells mixed every 10 min. 
After that 20 µl DMSO was added in. The tube was placed in a 42 °C water bath 
for 15 min (with inverting every 5 min). For small-scale reactions, the cells were 
centrifuged at high speed in a micro-centrifuge tube for 15 sec. For library-scale 
reactions, the cells were centrifuged at 700g for 5 min. The cell pellet was 
resuspended in 1 ml of YPD plus liquid medium. The resuspension was incubated 
at 30 °C with shaking for 90 min (for small scale transformations, it could be 
omitted). The yeast cells were then centrifuged and resuspended in 1ml of 0.9% 
(w/v) NaCl solution and poured onto the selection plate. 
2.5.4 Yeast two-hybrid screening with cDNA library and Bait 
The yeast-two hybrid assay was performed by sequential transformation of 
the Bait plasmid and cDNA library, instead of the co-transformation described in 
section 2.5.2. The bait plasmid was transformed to AH109 cells as described in 
section 2.5.2, and grown on SD/-Trp agar plate (Clontech, USA). The yeast 
competent cells harboring the bait plasmid were made following the method 
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described in section 2.5.3, except that the medium used to grow the yeast was 
replaced by SD/-Trp liquid medium. For transformation, 10 μg of plasmids of the 
cDNA library were mixed with 20μl denatured Herring Testes Carrier DNA in a 
sterile, pre-chilled 15 ml Falcon tube. 600 μl yeast competent cells were added to 
the tube and mixed well. Subsequently, 2.5 ml PEG/LiAc solution was added. The 
tubes were then mixed thoroughly by gentle vortexing and incubated at 30°C for 
45 min. After incubation, 160 μl of DMSO was added into the tube and mixed 
thoroughly, followed by incubation at 42 °C for 20 min. The cells were then 
harvested by centrifugation at 700 x g for 15 sec. After removal of the supernatant, 
the pellet was resuspended in 3 ml YPD plus liquid medium (Clontech, USA), 
followed by incubation at 30°C for 90 min with gentle shaking, which could 
significantly increase transformation efficiency. Subsequently, the cells were 
harvested by centrifugation and resuspended in 1 ml 0.9% NaCl. 10 μl was taken 
out from the cell suspension, and diluted 10 fold, 100 fold and 1,000 fold and 
spread over on SD/-Trp/-Leu plates. The rest of cell suspension was spread over 
on SD/-His/-Trp/-Leu plates. The plates were incubated at 30°C for around one 
week. The numbers of colonies formed on the SD/-Trp/-Leu plates were used to 
calculate the transformation efficiency. The colonies that survived on the SD/-
His/-Trp/-Leu plates indicated the interaction between the bait and prey proteins. 
The colonies surviving on the SD/-His/-Trp/-Leu medium were picked out 
and streaked on SD/-Ade/-His/-Trp/-Leu plates supplemented with 5-bromo-4-
chloro-3-indolyl alpha-D galactopyranoside (X-α-gal, Clontech). Only the 
colonies, which survived on the SD/-Ade/-His/-Trp/-Leu medium and turned blue, 
were selected for further studies. 
2.5.5 Purification of plasmids from yeast cells 
One single colony was picked and cultured in 5 ml SD medium. The culture 
was incubated at 30 °C for 20-24 hr. About 3 ml of the culture was collected into 
one 1.5 ml centrifugation tube. The cell pellet was mixed with 400 µl yeast 
protein extraction buffer (YPEB) (100 mM NaCl, 10 mM Tris-HCl, pH 8.0, 1 
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mM EDTA, 0.1% SDS) and the same volume of glass beeds (0.45 mm) by 
votexing for 2 min and added with 400 µl phenol/chloroform. The supernatant 
was added with 2X volume of 100% ethanol and 20 µl of 10 M NH4COOH, and 
precipitated at -70 °C for one hour. The plasmid pellet was harvested at 13000 
rpm at 4 °C for 10 min, washed by 75% ethanol, and air dried. The DNA was 
dissolved in 20 µl TE buffer. 
2.5.6 PCR amplification with yeast colonies 
The identities of the AD plasmids harbored by the yeast colonies survived 
and turned blue were determined by PCR amplification using the plasmid 
extracted and sequencing. One single yeast colony was picked, dissolved in 5 μl 
sterile water, frozen in liquid nitrogen and thawed at room temperature. The 
frozen and thawed step was repeated for another three times. Subsequently, 1 μl 
each of the yeast cell suspension was used as the template to perform PCR 
amplification with pGAD-T7 (5’-TAATACGACTCACTATAGGG-3’) and 3’-
AD primer (5’-AGATGGTGCACGATGCACAG-3’). The PCR products were 
separated by agarose gel electrophoresis. The DNA fragments were cut from the 
gel and purified as described in section 2.3.2. The nucleotides sequences were 
determined by DNA sequencing and analyzed by BLAST as described in section 
2.3.7.  
2.6 Total protein extraction and Sodium dodecylsulfate-
polyacrylamide electrophoresis (SDS-PAGE) 
2.6.1 Total protein extraction from plant 
Total proteins were extracted according to the same time points used for 
RNA extraction. Three leaves (N. benthamiana) were harvested and homogenized 
with one volume of protein extraction buffer (0.15M Tris-HCl (pH 6.8), 10% of 
glycerol, 5 mM DTT, 2% of SDS) and 1/5 volume of 5X SDS loading dye [0.25% 
Bromophenol blue, 0.5 M DTT (dithiothreitol, 50% Glycerol, 10% sodium 
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dodecyl sulfate (SDS)) and denatured in water bath at 100 ℃ for 5 min. Then the 
total proteins were incubated on ice for 5 min and centrifuged at 16 x 1,000 x g at 
4 ℃ for 5 min. 
2.6.2 Sodium dodecylsulfate-polyacrylamide electrophoresis 
(SDS-PAGE) 
The vertical SDS-PAGE gel apparatus (Bio-Rad) was assembled according 
to the manufacturer’s instructions. Separating gel of various concentrations (12.5, 
15 or 17.5) and 3% stacking gels were poured into the gap between the glass 
plates. The clean comb was immediately inserted into the stacking gel solution 
until polymerization. The protein samples were denatured by heating at 100 °C 
for 5 min in 1X SDS gel-loading buffer (24 mM Tris-HCl, pH 6.8, 100 mM DTT, 
2% SDS, 20% glycerol, 0.1% bromophenol blue dye) and loaded into the bottom 
of well. The electrophoresis was run at constant voltage of 100 V until the 
bromophenol blue reached the bottom of the resolving gel. 
2.6.3 Western blot 
The vertical SDS-PAGE gel apparatus (Bio-Rad) was assembled according 
to the manufacturer’s instructions. Separating gel of 12% of polyacrylamide and 3% 
stacking gels were poured into the gap between the glass plates. The clean comb 
was immediately inserted into the stacking gel solution until polymerization.  
The denatured total protein samples (10-
into the wells of a 12% SDS-PAGE gel and ran at constant voltage of 200 V for 
10 min and following another constant voltage of 150 V for 75 min when the 
bromophenol blue reached the bottom of the resolving gel. The proteins were 
transferred from the SDS-PAGE gel onto a nitrocellulose membrane (Bio-Rad) in 
transfer buffer (3.66 g of glycine, 7.26 g of Tris-base, 0.4 g of SDS, 200 ml of 
methanol in 1000 ml volume), and run at a constant current of 200 mA for 1 hour 
under chilled conditions by using an ice bath.  
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Pre-hybridisation of the nitrocellulose membrane was performed in 1X 
phosphate-buffered saline (PBS) solution containing 5% non-fat milk at room 
temperature for 30 minutes with shaking. The nitrocellulose membrane was 
incubated with the appropriate primary antibodies (HLSV CP and TMV CP) at 
37 °C for two hours with shaking, washed three times, 5 minutes for each time, by 
using 1X PBS buffer. Subsequently, the nitrocellulose membrane was incubated 
with a secondary antibody, anti-rabbit IgG conjugated to alkaline phophatase (AP) 
(Sigma), at 37 °C for one hour with shaking, then washed three times with 1X 
PBS buffer, 5 minutes for each time. Then the membrane was equilibrated with 
developing buffer (100 Mm Tris
.
HCl and 100 mM NaCl). The membrane was 
developed via nitro blue tetrazolium chloride (NBT) / 5-bromo-4-chloro-3-indolyl 
phosphate (BCIP) detection system (Roche Applied Science) according to the 
manufacturer’s instruction in the dark. The color development reaction was 
stopped when bands appeared satisfactorily distinct.  
2.7 Isolation and transfection of Nicotiana benthamiana 
protoplasts 
2.7.1 Isolation of N. benthamiana protoplasts 
Young and fully expended N. benthamiana leaves from 6-8 leaves stage 
plants were used for protoplasts isolation. Seeds of N. benthamiana were 
generated and kept in our lab. The seedlings were grown in the same growth 
condition as described in section 2.2.1. 
Leaves were sterilized with 0.8% Clorox
®
 containing the active ingredient 
of 0.04% sodium hypochlorite, for 10 min. Then the leaves were rinsed three 
times with sterile distilled water, each washing step lasting around 5 min. Leaves 
were sliced into thin 1 mm strips and incubated in filter sterilized enzyme solution. 
The enzyme mixture contained 0.2 mM KH2 PO4, 1 mM KNO3, 1 mM MgSO4, 1 
μM KI, 0.01 μM CuSO4, pH 5.6 (Rottier, Rezelman et al. 1979) and 0.5 M 
mannitol, 10 mM CaCl2, 1% cellulase Onozuka R-10 (Yakult Honsa Co. Ltd), 0.5% 
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macerase R-10 (Yakult Honsa Co. Ltd). Digestion were performed at room 
temperature in dark for 14 h. Protoplasts were released by gently shaking in hands. 
The protoplasts were filtered through a 70 μm nylon cell strainer (Becton 
Dickinson, Franklin Lakes, NJ) to remove the cell debris. The protoplasts were 
harvested by centrifuges at 30g for 5 min at 4 °C into 50 ml centrifuge tubes. 
Then the supernatant was discard and the protoplasts pellt were washed three 
times in wash solution [0.5 M mannitol and 10 mM CaCl2 (pH 5.6). Protoplast 
yields were calculated using haemocytometer slide (Marienfield, Germany). 
2.7.2 PEG transfection of protoplasts 
Concentrated N. benthamiana protoplasts (4-8 × 10
5
 cells) were mixed with 
10 μg of plasmid and 200 µl of 40% PEG 3000 in 3 mM CaCl2 for 15 sec. Then 5 
ml of wash solution was added into the protoplast/DNA mixture and left on ice 
for 1 hr. The protoplast/DNA mixture was washed three times with 5 ml of ice 
cold wash solution. The protoplast concentration was adjusted to 1 × 10
5
 cells per 
ml with MS medium containing 0.5 M mannitol and 10 mM CaCl2 and incubated 
in the dark for 24 h. 
2.7.3 Confocal study of protoplasts with fluorescence  
About 20 µl of the transfected protoplasts were loaded on the glass slides 
and covered by cover slip. The image of the protoplasts which showed yellow 
fluorescence under the FITC mode was later taken by the LSM 510 Meta confocal 
microscopy with BP 530-600 filter by the excitation at 514 nm.  
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2.8 Agroinfiltration for transient overexpression and 
virus induced gene silencing (VIGS) experiments 
2.8.1 Agroinfiltration for transient overexpression(Liu, Chen 
et al. 2008) 
For transient overexpression studies, the infiltration of tobacco (N. 
benthamidana) leaves around 3-4 weeks old with Agrobacterium tumefaciens 
GV3101 was performed as previously described (Qiao, Li et al. 2009). In this 
study, pGreen vectors were used as the binary vectors.  
For analysis of the localization of a certain protein, the gene sequence was 
first cloned into pGreen vector (Liu, Chen et al. 2008) fused with the ORF of GFP. 
The vector was then transformed into A. tumefaciens GV3101, followed by 
infiltration into tobacco leaves (Qiao, Li et al. 2009). At three days post Agro-
infiltration, the infiltrated leaves were observed under fluorescent microscope or 
inoculated with mock inoculation buffer or certain amount of virus inocula. Post 
40 hr of mock buffer or virus inoculation, total RNA was isolated from Agro-
infiltrated and inoculated leaves for detection of transcriptional level of host gene 
or viral RNA accumulation. 
2.8.2 Agroinfiltration for VIGS 
For VIGS studies, the infiltration of tobacco (N. benthamidana) leaves 
around 3-4 weeks old with A. tumefaciens GV3101 was performed as previously 
described (Qiao, Li et al. 2009). Vectors pTRV1, pTRV2, pTRV2-NbCP, pTRV2-
NbPI, pTRV2-NbTIVPE and pTRV2-NbTIP were used. The construction of 
plasmid (pTRV2-NbCP2, pTRV2-NbPI, pTRV2-NbVPE and pTRV2-NbTIP) 
was described in Chapter 6 and Chapter 7. The plasmid was transformed into A. 
tumefaciens GV3101. Post 12 days of Agro-infiltration, the young and fully 
expended leaves with mosaic symptoms caused TRV infection were inoculated 
with mock inoculation buffer or certain amount of virus inocula. Similarly, total 
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RNA was isolated from Agro-infiltrated and inoculated leaves for detection of 





Chapter 3 Cross protection between Hibiscus 
latent Singapore virus and Tobacco mosaic 
virus in Nicotiana benthamiana 
3.1 Introduction 
Introduction 
Cross protection is a phenomenon through which a mild strain virus 
suppresses symptoms induced by a closely related severe strain virus in infected 
plants (Dodds, Lee et al. 1985; Valle, Skrzeczkowski et al. 1988; Pennazio, 
Roggero et al. 2001; Ziebell, Payne et al. 2007).  
Cross protection has been reported for around one century. McKinney 
(1929) discovered the cross protection phenomenon between a Tobacco mosaic 
virus (TMV) strain producing ‘‘greenish’’ mosaic symptoms and a TMV strain 
inducing yellow mosaic symptoms in tobacco after the first report of cross 
protection between Tobacco ring spot virus (TRSV) inocula by Wingard in 1928. 
Cross protection was used as a method to control viral disease since 1950s, 
including control cocoa against Cocoa swollen shoot virus (CSSV) in Africa 
(Posnette and Todd 1951) and citrus plants against Citrus tristeza virus (CTV) in 
South America (Grant and Costa 1951; Posnette and Todd 1951).   
Zucchini yellow mosaic virus (ZYMV), a species of genus Potyvirus and 
first discovers in 1980s, is an example for cross protection reducing crop losses. 
Various mild strains of ZYMV were found and selected for protection (Desbiez 
and Lecoq 1997). ZYMV-AG, a site-directed mutated stain of a mild strain of 
ZYMV, protected against different more severe strains including the wild-type, 
ZYMV-AT strain (Gal-On, Katsir et al. 2000; Gal-On and Raccah 2000). ZYMV-
2002 effectively protected cucumber (Kosaka, Ryang et al. 2006). Another 
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Potyvirus, Papaya ringspot virus (PRSV) was also well studied in cross protection. 
PRSV-HA 5-1, a PRSV mild strain, was reported to be potential for the 
application in cross protection in Hawaii (Yeh, Gonsalves et al. 1984; Yeh and 
Kung 2007). In Brazil, a mild strain of PRSV also showed good cross protection 
against severe strain (Rezende and Pacheco 1998). Application of cross-protection 
against Citrus tristeza virus (CTV) was another effective example (Ziebell and 
Carr 2010). 
Hibiscus latent Singapore virus (HLSV) is a new member of genus of 
Tobamovirus, causing latent symptoms on natural host Hibiscus plants. In 3- 
untranlation region (UTR) of HLSV genome, there is a poly A tract instead of 
pseudoknots domain of other tobamovirus (Srinivasan, Min et al. 2005). TMV 
was the first discovered virus in the world in 19th century, which is positive sense 
single strand RNA virus. TMV causes mosaic symptoms in N. tobaccum.  
In this Chapter, if the cross protection exist between HLSV and TMV in N. 
benthamiana will be tested. If there is successful cross protection, the viral 
accumulations will be determined by real time RT-PCR and western blot. 
3.2 Materials and methods 
3.2.1 Plant materials and plant virus 
Chenopodium amaranticolor plants were used for determination of virus 
infectious unit. N. benthamiana plants were used for cross protection experiment. 
The growth conditions were as described in section 2.2.1. 
Purified virus particle were isolated from N. benthamiana plants which 
infected with HLSV or TMV biological infectious clone. Plant virus particle 
isolation was as described previously (Tewary, Oda et al. 2011). 
3.2.2 Plant virus inoculation 
Plant virus inoculation was performed as described in section 2.2.2. 
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For detection of virus infectious unit, a serial concentration of virus inocula 
[10X, 100X, 1000X, 10000X and 100000X dilution of original concentration of 
virus particle (around 7 mg/ml)] were inoculated on C. amaranticolor leaves from 
the same stage with similar leave size under the same growth condition. The 
infectious ability was quantified by the number of local lesions on the inoculated 
C. amaranticolor leaves. The equal infectious unit was estimated with the similar 
number of local lesion caused by certain concentration of viruses. Post 10 days to 
14 days virus inoculation, the local lesion number was counted. Five individual 
leaves were used for each concentration of virus inoculums. 
3.2.3 Cross protection experiment 
Seedlings of N. benthamiana as same as described in section 2.2.1 were 
used for cross protection experiment.  
For large scale of cross protection experiment, a number of 18 plants were 
set as each treatment, mock/ HLSV/ TMV/ HLSV+TMV (H+T, cross protected 
plant with preinoculation of HLSV). With the same amount of mock/ HLSV 
inocula, a serial concentration of challenge virus TMV (15000, 1500, 150, 15 and 
1.5 ng per leave, two leave per plant) was inoculated onto mock or HLSV 
inoculated plants. The development of symptom was monitored. 
 For cross protection experiment after  the large scale one, the 12 N. 
benthamiana plants at 6-8 leaves stage were inoculated with mock inoculation 
buffer or HLSV (protecting virus, around 150 ng / leave, 2 leaves / plant). Half of 
mock or HLSV inoculated plants (6 plants) were inoculated with TMV (challenge 




3.2.4 Viral accumulation determined by real time RT-PCR 
and western blot 
Total RNA was extracted half upper new grown leaves from N. 
benthamiana plants at 3, 7, 12, 15, 18 and 20 dpi by mock or HLSV inoculated 
plants. As half amount of mock or HLSV inoculated plants were further 
inoculated with TMV at 12 dpi, the time points (18 and 20 dpi by mock or HLSV 
inoculation) were equal to 3, 5 and 8 days post TMV inoculation. Three half 
upper new grown leaves were harvested from three individual plants, which were 
considered as three biological repeats. The total RNA extraction, reverse 
transcription and real time RT-PCR were carried out as previous description in 
section 2.4. 
All the primers used for RT or real time RT-PCR were listed in Table 3-1.  
Meanwhile, the rest of the three half-leaves were combined together for 
total protein isolation. The total protein isolation and western blot performing 







Table 3-1 List of primers for reverse transcription (RT)  










HLSV R1965  CTCAGAACTTACGGCGACAG RT 
qHLSV F1728    TGGACGTCTGGAGCTATCTG 
real time RT-
PCR 




HLSVCPR6291 TTACGTTGTAGTAGACGTTGT RT 
qHLSV F6118 
GAG ACT TTG AAT GCA ACG 
CA real time RT-
PCR 
qHLSV R6261 





TMVg2820R AATGACATCGCCACAAGAAA RT 
qTMV F2338 
TAT GAT GAG CAG GGT GTG 
GT real time RT-
PCR 
qTMV R2456 




TMVg6222R       CACGTGTGATTACGGACACA RT 
qTMVg6050F       TAGAGTAGACGACGCAACGG 
real time RT-
PCR 










3.3.1 Detection of equal virus infectious unit 
Five concentrations of HLSV or TMV inocula were inoculated onto same 
stage and similar size of leaves of C. amaranticolor plants. The local lesion was 
counted. For a serial concentration of HLSV inocula, average of the local lesion 
numbers decreased from 50 to 0, according to the decreased concentration of 
HLSV. For that of TMV, the local lesion numbers also dropped from 72 to 0 with 
the decreasing of virus inocula (Table 3-2). 
 
Table 3-2 Local lesions numbers on C. amaranticolor leaves by a serial 
concentration of virus inocula 
(ng) 15000 1500 150 15 1.5 
HLSV 50 33 21 8 0 
TMV 72 36 22 9 0 
 
3.3.2 Large scale of cross protection experiment between 
HLSV and TMV  
To test if there was cross protection between HLSV and TMV, a large 
scaled cross protection experiment was performed. The symptoms of mock/ 
HLSV/ TMV/ H+T (cross protected) inoculated plants were quite different. As 
negative control, there was no symptom in mock inoculated plants. At the same 
time, HLSV caused light mosaic symptom in N. benthamiana plants, which did 
not cause the cell death at all. In contrast, TMV infection leaded the systemic 
necrosis starting from the inoculate leaves, which was more severe in the upper 
new grown leaves. In the cross protected plants, instead of severe necrosis caused 
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by TMV infection, chlorosis symptom was observed on the upper new grown 
leaves.  
With 1500, 150 and 15 ng of TMV inocula, the plants showed necrosis in 
inoculated which leading to the plant death within 5 days. With 1.5 ng of TMV 
inoculums, the symptom, necrosis, was postponed to 8 dpi, which also leading to 
the whole plant dead within two weeks. For the cross protected plants with the 
preinoculation of HLSV 12 days earlier, the systemic necrosis was reduced and 
postponed. Less amount of TMV inoculums resulted in more plants surviving 
(Table 3-3). 
 
Table 3-3 Number of dead plants resulted from infection of different 
concentration of TMV on N. benthamiana pre-inoculated with HLSV 
Amount of 
TMV (ng) 
7 8 9 11 12 13 14 16 
28 
(dpi) 
1500 2/18 6/18 6/18 11/18 13/18 13/18 14/18 14/18 14/18 
150 2/18 4/18 6/18 8/18 8/18 9/18 9/18 9/18 9/18 
15 2/18 4/18 6/18 8/18 8/18 8/18 8/18 8/18 8/18 
1.5 0/18 0/18 0/18 0/18 0/18 0/18 0/18 0/18 1/18 
 
The typical symptoms from 150 ng TMV inoculums infection were shown 
in Figure 3-1. HLSV caused mild leaf puckering symptoms at 12 days post-
inoculation (dpi) and similar symptoms were observed at 20 dpi (H, top and 
middle panels). TMV caused systemic necrosis in upper newly expanded leaves 
and stems of infected plants at 8 dpi (T, top, middle and bottom panels). TMV 
was inoculated into N. benthamiana leaves which were inoculated with HLSV 12 
days earlier. The systemic necrosis was delayed; light green mosaic and curling 
symptoms were observed on the upper newly expanded leaves at 8 days post 
TMV infection [(H+T), top and middle panels]. The growth of N. benthamiana 
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was retarded by HLSV infection (H, bottom panel), as compared with that of 
mock buffer inoculated (M, bottom panel). TMV reduced plant growth 
dramatically [T, bottom panel]. The height of cross protected plants was greater 
than the TMV infected plants but shorter than that of HLSV infected plants 
[(H+T), bottom panel].  
 
Figure 3-1 Cross protection between HLSV and TMV and its symptom 
expressions in Nicotiana benthamiana.  
The top, middle and bottom rows showed the top, close-ups and the side views of 
mock buffer (M), HLSV (H), TMV (T) and HLSV+TMV (H+T) inoculated N. 
benthamiana plants, respectively. The red dotted line boxes in the top panels 
highlighted the close-up areas shown in the middle panels. Typical symptoms (the 
red arrows pointing) of inoculated N. benthamiana plants are shown in the middle 
row. Among them, panel M, no symptom; panel H, mild leaf puckering at 20 dpi; 
panel T, systemic necrosis (plant death) at 8 dpi; panel H+T, mild mosaic 
symptoms at 20 dpi, plant height was shorter than H but taller than T inoculated 
plants. All scale bars represent 1 cm. 
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3.3.3 Viral accumulation during cross protection between 
HLSV and TMV in N. benthamiana 
According to the results of infectious unit and large scale cross protection 
experiment, around 150 ng of HLSV and TMV were continuously used in the 
following experiment.  
Viral RNA was detected by real time RT-PCR and western blot. As shown 
in Figure 3-2, HLSV and TMV accumulation increased along the virus infection. 
HLSV accumulation increased in cross protected plants as comparing with that of 
single HLSV infected plants at the same time points. In the meantime, the TMV 
viral RNA leave was lower than that of single TMV infected plants (Figure 3-2 B 
& C, upper bottom panels). The CP levels detected by western blot also showed 
the same trend with those of viral RNA levels by real time RT-PCR (Figure 3-2 B 
& C bottom panels). 
At 40 days post TMV infection in survived cross protected N. benthamiana 
plants, different symptoms, dark green, mosaic and chlorotic symptoms, were 
observed. The viral RNA amount was also quantified by real time RT-PCR. The 
TMV accumulation by TMV CP real time RT-PCR primers was higher than that 
of HLSV in the leaves showing green, mosaic and chlorotic symptoms. For both 
HLSV and TMV, viral RNA accumulation was highest in the leaves showing 








Figure 3-1 Genome organizations of HLSV and TMV and detection of viral 
RNA and protein levels in cross protection.  
(A) Genome organization of HLSV and TMV. Transcriptional level of HLSV (B) 
or TMV (C) gRNA/total viral RNA determined by real-time RT-PCR and 
translational level of CPs by western blot (B and C). Significant differences were 
calculated using the Student’s t-test, * and ** indicate significance at the 0.05 and 




Figure 3-2 The different symptoms in the survived cross protected plant at 40 
dpi by TMV infection.   
(A) Green, mosaic and chlorotic symptoms were observed in the survived cross 
protected plants. (B) Viral RNA level determined by real time RT-PCR among 




Many studies reported that cross protection occurs between a severe strain 
of a virus species and its mild stain, such TMV, TRSV, CSSV, CTV, ZYMV and 
PRSV as introduced in the introduction of section 3.1. Not only happen between 
the two strains from the same species of a virus strain, but also occurs between 
two species from the same genus. It was reported that wild type Sunn-hemp 
mosaic virus (SHMV) could protect host against a SHMV mutant encapsidated 
with Tobacco mosaic virus C (TMV-C) CP and also provided weak protection 
against TMV-C (Zinnen and Fulton 1986).  
HLSV, a new species of Tobamovirus genus, causes latent symptom on its 
natural host Hibiscus plants and light mosaic symptom in N. benthamiana plants. 
Another representative species of Tobamovirus, TMV, can induce mosaic 
symptom on common tobacco N. tobaccum and local lesions on the infection sites 
in N gene tobacco plants. In this study, TMV-U1 strain was used, which caused 
severe systemic necrosis in N. benthamiana. 
In this study, by large scale of cross protection experiment, it was 
confirmed that the cross protection exists between two different Tobamovirus, 
HLSV and TMV. With the pre-inoculation of 150 ng HLSV, the systemic 
necrosis caused by TMV was reduced and the TMV accumulation also decreased 
compared with that of single TMV infection. Taken the prediction result of 
winner in mixed infection of HLSV and TMV by Game theory (Chen, Tan et al. 
2012) together, there may be some competitions between HLSV and TMV during 
the virus replication in the cross protected plants. 
At the same time, there were three kinds of symptoms observed in the 
survived plants and virus accumulation was different. The viral RNA levels were 
lowest in dark green leaves, which was similar to the report about dark green area 
in N. tabaccum L. (Burundukova, Sapotsky et al. 2009). 
35 
 
To understand the mechanism underlying phenomenon of cross protection 
between HLSV and TMV, microarray assay was performed using tobacco Chip 
(N. tobaccum). The analysis and validation of microarray result will be discussed 
in Chapter 4. Furthermore, some putative candidates which may contribute in a 
successful cross protection will be studied in Chapter 5 and 6, respectively. At the 
same time, the host interacting protein with viral proteins was screened by yeast 






Chapter 4 Microarray analysis of global genes 
before and after cross protection 
4.1 Introduction 
Viral infection triggers kinds of host responses, which are known as 
hypersensitive response (HR) (Shin, Park et al. 2003), systemic acquired 
resistance (SAR) (Chen, Silva et al. 1993) and activation of gene-for-gene 
resistance response or host defense related genes (Yu, Parker et al. 1998; del Pozo 
and Lam 2003; Bhattarai, Atamian et al. 2010). 
Underling the host responses in response to virus infection, the 
transcriptional level of host genes may be changed. Those transcriptional changes 
of plant genes can reflect the ways that viruses generally and specifically interact 
with host cells (Maule, Leh et al. 2002; Golem and Culver 2003; Huang, Yeakley 
et al. 2005).  
It was found that HLSV can cross protected N. benthamian. However, 
nothing was known about the mechanism of cross protection between HLSV and 
TMV. It was unknown that if there is some specific changes in response to HLSV 
infection or cross protection in N. benthamina. To understand the globe changes 
of transcriptional level in host plant before and during cross protection, a 
Microarray study was carried out using Tobacco Chip (4X44k).  The details of 




4.2 Materials and methods 
4.2.1 Plant materials and virus inoculation 
The plant materials and virus inoculation was as same as the description in 
section 3.2.3 for small scale of cross protection experiment. 
4.2.2 Microarray hybridization and data analysis 
For microarray analysis, three biological repeats of RNA samples from the 
following four data points: mock and HLSV samples at 12 dpi; and HLSV+TMV 
(cross protected) samples and TMV samples at15 dpi with HLSV (equals 3 dpi of 
TMV) were prepared. These 12 samples were sent to Genomax Technologies Pte 
Ltd (Singapore) for microarray hybridization using Agilent’s Gene Expression, 
4x44K format. The data analysis was carried out using GeneSpring GX 12.1. 
Gene Ontology (GO) analysis was carried out using Genespring 12.1 with GO 
annotation curated from consortium by Agilent Technologies (USA). 
4.2.3 Primer design and verification  
Genes of interest with quantitatively significant changes in plant resistance 
and virus-host protein interactions were selected from the microarray results. First, 
the corresponding UniGene identifier for selected probes was entered into the 
database of NCBI, and N. tabacum gene sequence returned was queried using 
BLAST, to identify if there were partial or full length sequences of N. 
benthamiana homologues in the database of NCBI. If the desired sequences were 
available, software GenScript Real-time PCR Primer Design was used to design 
real-time primers. When identical genomic sequences in N. benthamiana were not 
available; primers based on conserved domains of known homologous sequences 
from other species were designed to obtain partial gene sequences of N. 
benthamiana. Sequence alignment was carried out using software SeqMan from 
Lasergene (http://www.dnastar.com). After these partial sequences were obtained 
through reverse transcription (RT)-PCR and sequenced, real-time primers were 
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designed using the GenScript Real-time PCR Primer Design. All primers for 
quantitative real-time PCR were selected by considering the predicted RNA 
secondary structure from The Mfold Web Server 
(http://mfold.rna.albany.edu/?q=mfold/).  Primers were synthesized by 1st Base 
Pte Ltd, Singapore. The desired gene fragments were amplified using first-strand 
cDNAs from healthy N. benthamiana as templates. Single band corresponding to 
the predicted fragment size was sequenced using Applied Biosystems 3130 
Genetic Analyzer (Applied Biosystems).  
4.2.4 Amplification efficiency assay for quantitative real-time 
RT-PCR primers 
A 5-log dilution range was prepared using 10-fold serial dilutions of N. 
benthamiana cDNAs. A standard curve based on real-time PCR amplification of 
this 10-fold serial dilution of template was produced for each pair of real-time 
primers, by plotting the dilution factor against the CT value obtained for each 
dilution. All reactions were carried out in triplicate. The equation of the linear 
regression line, along with Pearson's correlation coefficient (r), was used and 
amplification efficiencies (AEs) were calculated using the slope of the regression 
line:AE = (10
(-1/slope) – 1) x 100%. All the primer efficiencies are shown in Figure 
S1. In addition, our quantitative real-time RT-PCR parameters conformed to the 
minimum information for publication of quantitative real-time PCR experiment 
(MIQE) guidelines (Bustin, Benes et al. 2009). For comparison of viral RNA 
levels, Student’s t-test was used to calculate significant differences at the 0.05 (*) 
and 0.01 (**) levels of confidence, respectively. Amplification efficiencies of 
primer pairs among viral genes and NbACTIN (JQ256516) were similar. Similarly, 
amplification efficiencies of primer pairs among plant host genes and NbEF1α 
(AY206004) were similar. Therefore, NbACTIN or NbEF1α was used as an 
internal control for determining viral accumulation or transcriptional level of plant 
host genes. The primers used for reverse transcription, partial sequence 
amplification and real time RT-PCR were listed in Table 4-1. 
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4.2.5 Verification of microarray data and time course study of 
selected genes 
Quantitative real-time RT-PCR was performed to investigate the expression 
of selected host genes of interest, using KAPA SYBR® FAST universal qPCR kit 
and CFX384TM Real time PCR Detection system (Bio-Rad). The CT values 
obtained were automatically manipulated by the system. Housekeeping genes 
NbACTIN and NbEF1α were chosen as internal controls in the calculation of 
relative transcript levels. The quantitative real-time RT-PCR was performed as 






Table 4-1 List of primers for RT, partial sequences of genes and real time 
RT-PCR 
 






















qNbubq75F          
TGTGAAAGCCAAGATCC
AAG real time 
RT-PCR 























AAC AAC TAC ATC ACC 



























































qACCO F428  
GGATCGATGTTCCTCCT







































































































4.3.1 Analysis of microarray results  
The total RNA quality was examined by RNA gel electrophoresis. At the 
same time, the RNA samples were also checked by RNA analyzer in Genomax 
Technologies Pte Ltd (Singapore).   
For an overview of global changes in transcriptional level of host genes 
before and after cross protection between HLSV and TMV, a microarray analysis 
was performed using tobacco (N. tabacum) chips (Agilent Technologies, USA). 
Hierarchical cluster analysis of transcriptional profiles for 24,237 genes or 
expressed sequence tags (ESTs) for N. benthamiana inoculated with buffer 
(mock), HLSV, TMV and HLSV+TMV (cross protected plants pre-inoculated 
with HLSV 12 days earlier) was performed. Gene expression profiles for each of 
the 3 individual biological repeats (1, 2 and 3) after inoculation with buffer 
(mock), HLSV, TMV and HLSV+TMV are presented in Figure 4-1. Mock and 
HLSV samples were taken at 12 dpi. HLSV+TMV and TMV samples were taken 
at 3 dpi by TMV (15 days post inoculation with mock or HLSV).  
At the transcriptional level 1,938 (1210+ 728) genes were changed in 
response to HLSV infection and 1,826 (1098+ 728) genes were changed in 
response to cross protection by HLSV, as shown in the Venn diagram. For group 








Figure 4-1 Hierarchical cluster analysis of transcriptional profiles and gene 
ontology analysis.  
A hierarchical cluster analysis of transcriptional profiles for 24237 genes or ESTs 
of Nicotiana benthamiana inoculated with inoculation buffer (mock), HLSV, 
HLSV+TMV (plants cross protected by pre-inoculation of HLSV 12 days prior to 
TMV challenge inoculation). The 3 columns correspond to biological repeats after 
inoculation with buffer (mock), HLSV, HLSV+TMV and TMV (at 12 dpi for 
mock and HLSV, and 3 dpi for HLSV+TMV and TMV which is equal to 15 dpi 
of HLSV). The clustering on the top of hierarchical map represents the 
differences among samples and biological repeats, while the left clustering is 






Figure 4-2 Venn diagram of genes in response to HLSV infection and cross 
protection.   
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The gene ontology (GO) analysis of genes in response to HLSV infection 
and cross protection was obtained [Figure 4-3 (A) and (B)]. Compared with the 
mock inoculated N. benthamiana, genes changes were noted at the transcriptional 
level in HLSV infected plants (corrected P value< 0.01), including those genes 
that respond to stress, defense, temperature stimulus, water deprivation, abiotic 
stimulus, detection of hormone, endogenous and ethylene stimuli, oxidation-
reduction process or function in chloroplast, thylakoid, thylakoid membrane, 
plastid, and organelle sub-compartment [Figure 4-3 (A)]. Moreover, there were 
changes in transcriptional level of host genes in cross protected N. benthamiana 
(corrected P value< 0.01) compared with TMV infection. These genes responded 
to stress, defense, osmotic stress, temperature stimulus, fungus, abiotic stimulus, 
high light intensity, salt stress, endogenous/hormonal and chemical stimuli 
[Figure 4-3 (B)].  The microarray data has been submitted to database GEO under 









Figure 4-3 Gene ontology (GO) analysis in response to viruses inoculation.  
(A) GO analysis in response to HLSV infection. (B) GO analysis in response to 
HLSV+TMV (cross protection).  
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4.3.2 Partial sequence obtained  
The genes which were showing more substantial fold change values 
between HLSV + TMV and TMV samples 15 dpi (HLSV),  involved in general 
plant defence pathways, or have been implicated in interactions with 
tobamoviruses were selected for validation. There was no information about their 
nucleotide sequences for a few genes. For this case, partial sequences of those 
genes were obtained. 
Partial sequences of NbARP1 (KF051944), NbCAF1, NbCaM3 (KF051945), 
NbCAT, NbCP2 (KF051946), NbPI (KF051947) and NbHSP101 (KF051948) 
were obtained by the method described in section 4.2.3. Most of the partial 
sequences have been submitted in to NCBI database and the accession numbers 
have been assigned as above.  
4.3.3 Primer amplification efficiency  
Primers for real time RT- PCR were designed and selected according to the 
secondary structures of different sequences at 55 ℃. The amplification efficiency 
for each primer pair was calculated as described. A standard curve of primer 
dilutions against CT values was plotted to calculate the amplification efficiencies 
of primers. All amplifications efficiencies of the primers used were determined to 








Figure 4-4 Amplification efficiencies of real-time primers.  
The amplification efficiencies of primers to be used in quantitative real-time PCR 
were assayed and found to fall within the 90% to 110% range. Red data points 
represent candidate primer pairs for the internal control. Blue data points 




4.3.4 Microarray data validation 
Argonaute 4-2 (NbAGO4-2), auxin repressed protein 1 (NbARP1), 
calmodulin 3 (NbCaM3), cysteine protease 2 (NbCP2), proteinase inhibitor 
(NbPI), 1-aminocyclopropane-1-carboxylate oxidase (NbACO), NbALY, CCR4-
associated factor 1 (NbCAF1), catalase 1 (NbCAT1), heat shock protein 101 
(NbHSP101), systemic acquired resistance 8.2m (NbSAR8.2m), wound induced 
protein kinase (NbWIPK), double WRKY type transfactor protein (NbWRKY7and 
NbWRKY8), NbTOM1, vacuolar processing enzyme 1 α (NbVPE1α) were 
validated using quantitative real-time RT-PCR. The magnitude of changes of 
selected genes obtained by quantitative real-time RT-PCR was in agreement with 
the values obtained from the microarray data (Table 4-2). 
4.3.5 Transcriptional levels of selected genes during cross 
protection 
A 20-day time course experiment was conducted to monitor the 
transcriptional level of selective genes, including NbARP1, NbCaM3, NbCP2, 
NbPI, NbVPE1a, NbACO, NbSAR8.2m, NbWIPK, NbWRKY8, NbTOM1, 
NbHsp101 and NbAGO4-2 (Figure 4-5, Figure 4-6 and Figure 4.7). The 
transcriptional level of host genes could be classified into three groups. In the first 
group, the transcriptional levels of different genes were elevated in cross 
protected plants (HLSV+TMV) and/or HLSV infected plants. These genes 
included NbARP1, NbCaM3, NbCP2 and NbPI (Figure 4-5). In the second group, 
the transcriptional level of different host genes (NbVPE1a, NbACO, NbSAR8.2m, 
NbWIPK, NbWRKY8, NbTOM1 and NbHsp101) increased in single TMV infected 
plants rather than those of mock inoculated, HLSV infected or cross protected 
plants (HLSV+TMV) (Figure 4-6). Additionally, the transcriptional level of the 
gene (NbAGO4-2) in the third group was unchanged in upper newly expanding 
leaves either from mock inoculation buffer, HLSV, TMV, or HLSV+TMV 






Table 4-2 Validation of microarray data (fold changes)  
by real time RT-PCR 












NbARP1 -1.54 to 1.03 -1.17 to 1.14 
1.14 to 
2.50 
1.84 to 2.06 Yes 
NbCaM3 4.83 2.33 to 2.97 
2.06 to 
5.15 
2.54 to 4.57 Yes 
NbCP2 3.15 2.78 to 3.60 6.66 3.20 to 4.67 Yes 
NbPI 3.67 2.26 to 2.31 
-749.57 to -
3.19 
-9.14 to -9.29 Yes 
NbACO 1.63 1.95 -16.17 -16.17 Yes 
NbALY -1.18 to 1.26 -1.06 to 1.01 
-1.19 to 
1.17 
1.06 to 1.13 Yes 








NbCAT1 1.65 2.19 1.95 3.01 Yes 
NbHSP101 -1.15 -2.34 -2.12 -17.14 Yes 
NbSAR8.2m 1.21 1.72 to 1.80 -17 -6.90 to -6.86 Yes 
NbWIPK 1.66 -1.70 -1.97 -3.62 Yes 
































Figure 4-6 Transcriptional levels of NbACO, NbSAR8.2m, NbWIPK, 















To understand the transcriptional changes in cross protection, a microarray 
analysis were conducted using tobacco chips. With HLSV infection in N. 
benthamiana, some genes changed in transcriptional levels which responded to 
stress, defense, environmental and hormone stimuli, oxidation-reduction process 
or function in organelles. Furthermore, the transcriptional levels of host genes 
responded to stress, defense, osmotic stress, environmental, hormone, biotic and 
abiotic stimuli at the beginning of cross protection. Further investigation of the 
transcriptional patterns of selective host genes were carried out.  
In the first group, host genes NbARP1, NbCaM3, NbCP2 and NbPI were 
up-regulated in cross protected or HLSV-infected N. benthamiana. Auxin-
response genes are controlled by auxin, resulting in regulating various growth and 
development (Park and Han 2003). To date, no information is available on ARP1 
related to plant defense. The CaM3 gene in N. tabacum activates NAD kinase 
which is also a cofactor of NADPH oxidase in producing reactive oxygen species 
(ROS) (Karita, Yamakawa et al. 2004). In view of the higher levels transcription 
of NbCaM3 in cross protected N. benthamiana, as compared to TMV-infected 
plants, this suggests that ROS signaling is activated during cross protection. High 
level of ROS induced oxidation to carbohydrates, lipids, proteins, and DNA. ROS 
also influence a few plant hormone responses and affect many processes, such as 
systemic signaling, growth, development, abiotic stress responses, pathogen 
defense and programmed cell death (PCD) (Gill and Tuteja 2010). The CP2 
belongs to the C1 family of papain-like cysteine proteases and in N. tabacum, it 
shares high amino acid similarity (68–72%) with KDEL-tailed plant cysteine 
proteases, which may be involved in PCD (Beyene, Foyer et al. 2006). In addition, 
the KDEL motif may enhance vacuolar transport. The role of CP2 in TMV 
infection has not been elucidated. Interestingly, the transcriptional level of NbCP2 
was correlated with HLSV infection and was much higher in cross protected 
plants than single TMV infected N. benthamiana. Proteinase inhibitor (NbPI) was 
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also up-regulated in cross protected N. benthamiana. Plant cysteine proteases play 
an instrumental role in PCD and PI may prevent unwanted cell death (Solomon, 
Belenghi et al. 1999). In cross protected N. benthamiana, the up-regulation of 
NbPI may function in preventing necrosis caused by TMV infection. Further 
studies can be conducted to ascertain the roles of NbCP2 and NbPI in cross 
protection. 
Moreover, host genes (NbVPE1α, NbACO, NbSAR8.2m, NbWIPK, 
NbWRKY8, NbTOM1 and NbHSP101) in the second group were up-regulated in 
TMV infected N. benthamiana. The necrotic lesions at the sites of TMV infection 
is considered PCD in tobacco plants with N gene (Mittler, Simon et al. 1997). 
VPE1α belongs to the caspase-like proteases. During TMV infection, VPE1α 
exhibits caspase-1 activity in TMV-infected tobacco leaves. Cell death was 
abolished upon treatment with caspase-1 and VPE inhibitors.  Increased virus 
accumulation was also observed in RNAi VPE-silenced N. benthamiana with 
temperature shift (Hatsugai, Kuroyanagi et al. 2004). In cross protected N. 
benthamiana, the transcriptional level of NbVPE1α increased as compared with 
that of single HLSV infected N. benthamiana, but decreased as compared with 
that of plants infected with TMV alone. At present, it is unclear if the roles of 
VPE1a and CP2 overlap in PCD. 
The NbACO is involved in the final step of ethylene biosynthesis. Ethylene 
is substantially increased by infection with fungi in Citrus fruits, and this may be 
an active defense response. Up-regulation of ethylene biosynthesis genes can 
increase ethylene production (Marcos, Gonzalez-Candelas et al. 2005). The up-
regulation of NbACO transcript level in TMV infected N. benthamiana indicates 
that ethylene production may also be increased in plants infected by TMV. The 
transcriptional level of NbACO is lower in cross protected or HLSV-infected N. 
benthamiana, as compared with that of plants infected with TMV alone, 
suggesting that ethylene production in this case is solely dependent on the 
accumulation level of TMV. 
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The hypersensitive response is accompanied by a marked increase in 
salicylic acid (SA) and rapid production of ROS (Malamy, Carr et al. 1990). 
Plants rely on circulating hormones to relay systemic signals when under 
pathogen attack (Jones and Dangl 2006). SA is an important regulator in the plant 
defense system. Antiviral actions induced by SA include inhibitory effects on 
virus replication, cell-to-cell movement and long-distance movement (Singh, 
Moore et al. 2004). Specific to TMV infection, SA interferes with replication of 
TMV at the point of inoculation and inhibits viral movement out of inoculated 
tissue (Murphy and Carr 2002). Previously, pre-treatment of susceptible tobacco 
with SA reduced TMV accumulation significantly. To elucidate the role of SA in 
cross protection, three genes, WIPK, WRKY8 and SAR8.2m were selected and 
monitored in buffer inoculated plants (mock), HLSV, HLSV+TMV (cross 
protected) and TMV infected plants. The transcriptional levels of these genes only 
dramatically up-regulated in plants infected solely with TMV and cross protected 
plants, but not in plants infected with HLSV alone. This indicates that the SA 
pathway is triggered whenever TMV is present. 
Accumulation of the protecting virus may exclude the challenge virus from 
cells by occupying important sites or by depleting host factors required for 
replication of the challenge virus (Ziebell, Payne et al. 2007). TOM1 is a 
transmembrane protein in plants that serves as an attachment anchor for virus 
replication complexes in the host cell (Yamanaka, Ohta et al. 2000). Subsequent 
studies (Chen, Jiang et al. 2007) reaffirm it as an essential component of the 
tobamovirus replication complex, and silencing of the TOM1 homologues gene 
results in reduced virus multiplication. HLSV may have a similar requirement for 
the TOM1 protein; consequently, in cross protected plants TMV would have to 
compete with HLSV for TOM1 and this could result in reduced accumulation of 
TMV. TOM1 was up-regulated with TMV infection but not with HLSV infection.  
This may be due to lower level of HLSV replication which failed to up-regulate 
TOM1. Meanwhile, the up-regulation of TOM1 in cross protected plants by TMV 
infection may facilitate HLSV replication, resulting in increased level of HLSV in 
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cross protected plants. Heat shock protein 101 (HSP101) acts as a translational 
enhancer of TMV. It binds to the CAA-repeat motif of the 5’ Ω-region of the 
TMV RNA which recruits eIF4 (Gallie 2002). The CAA repeats are also found in 
the 5’-UTR of the HLSV RNA (Srinivasan, Min et al. 2005). It is believed that 
HLSV can also interact with HSP101 in a similar manner as TMV with HSP101. 
Therefore, HLSV and TMV may also compete for HSP101 in cross protected 
plants. 
To study if there is competition for host factors between HLSV and TMV, 











Chapter 5 Tobamovirus multiplication 
protein 1 (NbTOM1) were competed by 
Hibiscus latent Singapore virus and Tobacco 
mosaic virus in cross protection 
5.1 Introduction 
When the virus infects the host plant, the viral proteins are translated from 
viral sub-genome RNA utilizing the translation machinery of the host in the 
cytoplasm. The interactions between viral proteins and host proteins are efficient 
for viral replication and spreading.  
The yeast single-gene-knockout library was used to screen the host factors 
those affect virus accumulation (Kushner, Lindenbach et al. 2003; Panavas, 
Serviene et al. 2005). Tobamovirus RNA-synthesizing activity is bound to the 
membranes, which is similar to other positive-strand RNA viruses (Watanabe and 
Okada 1986; Young and Zaitlin 1986; Osman and Buck 1996).  
Host proteins are essential for plant virus multiplication. Tobamovirus 
multiplication gene 1 in Arabidopsis thaliana (AtTOM1), a seven-pass membrane 
protein, interacts with replication protein encoded by TMV-Cg (Yamanaka, Ohta 
et al. 2000). There are several homologues of AtTOM1 involved in tobamovirus 
replication (Tsujimoto, Numaga et al. 2003; Asano, Satoh et al. 2005; Fujisaki, 
Ravelo et al. 2006). ADP-ribosylation factor-like 5B in Nicotiana tobacum 
(NtARL8), a small host GTP-binding protein, is also required for tobamovirus 
multiplication (Nishikiori, Mori et al. 2011). Besides those proteins described 
above, other 10 more proteins were also reported to interact with viral proteins, 
including AAA ATPase, Oxygen-evolving complex subunit, arginine 
decarboxylase (ADC), EF1α, IAA26, N and other proteins (Abbink, Peart et al. 
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2002; Padmanabhan, Gorepoker et al. 2005; Ueda, Yamaguchi et al. 2006; 
Yamaji, Kobayashi et al. 2006; Padmanabhan, Kramer et al. 2008; Ishibashi, 
Nishikiori et al. 2010). 
Both HLSV and TMV are species of genus tobamovirus. As there are many 
known host factors which are involved in tobamovirus replication, NbTOM1 will 
be taken for testing in this Chapter to verify if the two viruses will compete for 
host factors in cross protection. 
5.2 Materials and methods 
5.2.1 Plant materials and plant virus 
The plant materials and plant virus were used as same as described in 
section 3.2.1. 
5.2.2 Rapid amplification of cDNA ends (RACE) for the open 
reading frame (ORF) of NbTOM1 
The ORF of NbTOM1 was obtained using GeneRacer
®
 Kit with 
SuperScript
®
 III RT and TOPO TA Cloning
®
 Kit for Sequencing (Invitrogen, 
USA). The partial sequence of NbTOM1 (AM261863.1) was used for gene 
specific primers designing. Primers NbTOM1R583 and NbTOM1F347 were used 
for 5’- and 3’-RACE, following the protocol provided. The resultant PCR 
products were sequenced using Applied Biosystems 3130 Genetic Analyzer 
(Applied Biosystems). Amino acid alignment of different homologues of TOM1 
was performed using online software MAFFT version 7 
(http://mafft.cbrc.jp/alignment/server/index.html). The alignment result showed 
that NbTOM1 is highly conserved. Hydopathy plot of NbTOM1 was analyzed 
using online software kyte doolittle hydrophathy plot 




5.2.3 Construction of vectors for overexpression and silencing 
of NbTOM1 
The ORF of NbTOM1 with restriction enzyme sites Pst I and Spe I was 
amplified by RT-PCR using primers NbTOM1ORFF1PstI, NbTOM1ORFRSpeI 
and cDNA from young healthy N. benthamiana. Construct pGreen-NbTOM1 was 
obtained by insertion of NbTOM1ORF between restriction enzyme sites Pst I and 
Spe I before GFP in pGreen vector. Fragment NbTOM1(nt 1-581) with restriction 
enzyme sites BamH I and XbaI was amplified by RT-PCR using primers 
NbTOM1F1 BamH I, NbTOMR581 Xba I and cDNA template from young 
healthy N. benthamiana. Construct pGreen-NbTOM1(nt1-581) was obtained by 
replacing of GFR fragment in pGreen with NbTOM1(nt1-581) between restriction 
enzyme sites BamH I and Xba I. Constructs pGreen-NbTOM1(nt1-581) and 
pGreen-NbTOM1 were transformed into Agrobacterium tumefaciens GV3101 for 
overexpression and silencing experiments. The primers were listed in Table 5-1. 
 































Agrobacterium tumefaciens GV3101 harboring different constructs was 
subcultured individually in Luria-Bertani (LB) medium with antibiotics (final 
concentration of Kanamycin 50 µg/ml, Rifampcin50 µg/ml and Tetracycline 5 
µg/ml) at 28 ℃ with shaking until the OD600 reading reached 1.0. The bacterial 
culture was resuspended in Agroinfiltration solution (10 mM MgCl2, 0.5 mM 
acetosyringone and 10 mM 2-(N-morpholino) ethanesulfonic acid (MES) and 
incubated at RT for 3 h. For the overexpression experiment, 3 leaves per plant (6-
8 leaves stage of N. benthamiana under conditions described earlier under section 
‘Plant materials and virus inoculation’, were infiltrated with A. tumefaciens 
GV3101 containing pGreen-NbTOM1 or pGreen empty vector alone (negative 
control). Infiltrated leaves at 3 dpa were inoculated with buffer, HLSV or TMV 
purified virus, following the method and amount described above. Three plants 
were used for each inoculation. For the silencing experiment, the same types of N. 
benthamiana plants were used but infiltrated with A. tumefaciens GV3101 
containing pGreen-NbTOM1(nt1-581) or pGreen alone (negative control). Five 
days post Agro-infiltration, the same inoculation procedures as described in the 
overexpression experiment were used. For both overexpression and silencing 
experiments, total RNA was extracted from virus inoculated N. benthamiana at 40 
h post inoculation (hpi).  
5.2.5 Total RNA extraction and reverse transcription 
Total RNA and reverse tracription were performes as described in section 
2.4. 
5.2.6 Total protein extraction and western blot 






5.3.1 ORF of NbTOM1 by RACE PCR 
The ORF of NbTOM1 was obtained and the amino acid was aligned with 
other homologues A. thaliana tobamovirus multiplication protein 1 (AtTOM1) 
(Accession number AB016925 and NM_118299), Solanum habrochaites TOM1 
(ShTOM1, AB683764) and N. tobaccum TOM1 (AB193039). The similarity was 
quite high (Figure 5-1). Similar to AtTOM1, NbTOM1 also has 7 putative 
transmembrane regions (Figure 5-2). The complete sequence of NbTOM1 has 
been uploaded into NCBI database and its accession number is KF051949. 
 
 








Figure 5-2 Hydropathy plot analysis of NbTOM1. 
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5.3.2 Competition of NbTOM1 between HLSV and TMV 
To test if NbTOM1 was essential for HLSV infection and if it was competed 
by HLSV and TMV, inoculation buffer (mock), HLSV, TMV, HLSV+TMV 
(100:1) and HLSV+TMV (1:1) were inoculated into N. benthamiana either with 
no Agro-infiltration, overexpression of NbTOM1 or silencing of NbTOM1. At 40 
h post inoculation (hpi), the transcriptional levels of NbTOM1 were found to be 
similar among the different treatments [Figure 5-3 (A)]. There was up-regulation 
(2X) of NbTOM1 in pGreen-NbTOM1 infiltrated leaves [Figure 5-3 (B)]. 
Additionally, the transcriptional level of NbTOM1 decreased in NbTOM1-silenced 
leaves which were Agro-infiltrated with pGreen-NbTOM1(nt1-581) [Figure 5-3 
(C)]. The transcriptional level of NbTOM1 in buffer inoculated leaves (mock) 
without Agro-infiltration was set as a baseline (to the value of 1) for the 
transcriptional level of NbTOM1. In Agro-infiltrated leaves with pGreen alone, 
the transcriptional level of NbTOM1 was similar to that of mock inoculated leaves. 
This indicated that the transcriptional level of NbTOM1 did not change with 
Agro-infiltration of the empty vector alone. 
The RNA level of HLSV and TMV in non-Agro-infiltrated leaves was also 
set as a baseline individually (to the value of 1) for comparison with HLSV alone, 
TMV alone, and HLSV+TMV co-infection with overexpression and silencing of 
NbTOM1. In non-Agro-infiltrated plants inoculated with HLSV+TMV (100:1), 
the TMV RNA level decreased, as compared with that of single TMV infection. 
At the same time, in HLSV+TMV (1:1) co-infected leaves, the TMV 
accumulation increased (Fig. 5A). These results indicated that the amount of 
HLSV affected TMV accumulation. Additionally, the accumulation level of 
HLSV decreased in HLSV+TMV (1:1) co-infection (Fig. 5A), which indicated 
that competition occurs in HLSV+TMV co-infection. 
In the leaves Agro-infiltrated with the pGreen empty vector alone, virus 
accumulation decreased, as compared with non-Agro-infiltrated N. benthamiana 
[Figure 5-3, (B) and (C)]. With the overexpression of NbTOM1, HLSV 
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accumulation increased in single infection and HLSV+TMV (100:1) co-infection 
but decreased in HLSV+TMV (1:1) co-infection [Figure 5-3 (B)]. At the same 
time, TMV amount also increased slightly in two co-infections, when compared 
with that of leaves infiltrated with pGreen vector alone. Moreover, HLSV and 
TMV accumulation decreased with silencing of NbTOM1 [Figure 5-3 (C)]. These 
results indicated that NbTOM1 was essential for HLSV and TMV replication and 
its up-regulation (2X) favored both virus replications [Figure 5-3 (B)]. 
The CP levels of two viruses were determined using HLSV or TMV CP 
antibody. The TMV CP level decreased in HLSV+TMV (100:1), as compared 
with that of single TMV infected leaves at 5 dpi. HLSV CP level decreased in 
HLSV+TMV (1:1) infected leaves (Figure 5-4). This indicated that only large 
amount of HLSV inocula or higher level of its accumulation allowed it to 







Figure 5-3 NbTOM1 transcript levels and virus accumulation with 
overexpression or silencing of NbTOM1 in Nicotiana benthamiana. 
(A) The transcriptional levels of NbTOM1 were detected in mock inoculation 
buffer, HLSV, TMV, HLSV+TMV (100:1) and HLSV+TMV (1:1) co-infected 
plants. The viral RNA levels of HLSV and TMV were determined using 
quantitative real-time RT-PCR with primer sequences corresponding to the coat 
protein genes in HLSV, or TMV or co-infected leaves. (B and C) The 
transcriptional levels of NbTOM1 were detected in NbTOM1overexpressed or 
silenced leaves. The viral RNA levels were detected in plants first infiltrated with 
pGreen orpGreen-NbTOM1 (for overexpression), and pGreen or pGreen-
NbTOM1(nt1-581) (for silencing), followed by single virus (HLSV or TMV) 









Figure 5-4 Virus accumulation with overexpression or silencing of NbTOM1 
in Nicotiana benthamiana by western blot.  
The coat proteins of HLSV and TMV were detected by western blot in 
NbTOM1overexpressed or silenced leaves which were subsequently infected with 
single virus (HLSV or TMV) or co-infected with HLSV+TMV at 5 dpi (details 
see Materials & Methods). Total protein from mock buffer inoculated N. 
benthamiana leaves was used as the negative control, while the total protein from 







Although simultaneous RNA interference against NtTOM1 and NtTOM3 in 
N. tabacum resulted in nearly complete inhibition of the multiplication of 
tobamoviruses (Asano, Satoh et al. 2005), NbTOM1, were only closed for 
competition analysis, a well studied host factor in tobamovirus replication, instead 
of NtTOM3, in N. benthamiana for investigation during cross protection. In the 
competition between HLSV and TMV for NbTOM1, TMV accumulation 
decreased in HLSV+TMV (with a ratio of 100:1) co-infected plants with and 
without overexpression of NbTOM1 in comparison to TMV infection alone or 
HLSV+TMV (with a ratio of 1:1). This result confirms that there is competition 
for NbTOM1 between HLSV and TMV for replication.  Moreover, a larger 
amount of HLSV enhanced its competiveness with TMV (Figure. 5-3 and Figure. 
5-4). Increased amount of NbTOM1 also led to increased virus accumulation of 
HLSV and TMV [Figure. 5-3 (B)]. With silencing of NbTOM1, HLSV or TMV 
accumulation decreased either in both single infection and co-infection, which 
indicates that NbTOM1 is essential for both HLSV and TMV accumulation. In 
conclusion, at low accumulation rate of HLSV, the plant defense response is 
triggered by the infection of TMV, but not by HLSV. Microarray validation 
showed that SA and ethylene pathways were enhanced after TMV infection. The 
host factor NbTOM1 is important for tobamovirus multiplication, including HLSV. 
The changes of viral accumulation levels of HLSV and TMV in cross protected 
plants resulted from their competition for host factors notably including NbTOM1. 
Not only NbTOM1 but other host factors may be competed by HLSV and 
TMV in cross protection, such as HSP101.  It was reported that HSP101 binds to 
the CAA-repeat motif of the 5’ Ω-region of the TMV RNA which recruits eIF4 
(Gallie 2002) and acts as a translational enhancer of TMV.  The CAA repeats are 
also found in the 5’-UTR of the HLSV RNA (Srinivasan, Min et al. 2005). It is 
believed that HLSV can also interact with HSP101 in a similar manner as TMV 
with HSP101.  
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Chapter 6 The involvement of Cysteine 
protease 2 NbCP2 and Protease inhibitor 
NbPI in cross protection 
6.1 Introduction 
In plants, PCD is considered to be triggered in several separated pathways 
and in response to certain pathogens (Dietrich, Delaney et al. 1994; Greenberg, 
Guo et al. 1994; Hammond-Kosack, Harrison et al. 1994; Levine, Tenhaken et al. 
1994; Pontier, Godiard et al. 1994; Mittler and Lam 1995; Jabs, Dietrich et al. 
1996; Levine, Pennell et al. 1996; Mittler, Shulaev et al. 1996; Ryerson and Heath 
1996). TMV induced programmed cell death in tobacco with N gene (Mittler, 
Simon et al. 1997). In tobacco with N gene, the programmed cell death was 
known as HR around the virus infection site. 
In the cross protection between HLSV and TMV, it was determined that 
HLSV accumulation increased while TMV level decreased compared with those 
of single virus infections. In this chapter, it will be studied if the decreased level 
of TMV will result in less cell death by using transmission electron microscopy. 
As described in Chapter 4, NbCP2 and NbPI may be involved in PCD 





6.2 Materials and methods 
6.2.1 Plant materials and plant virus 
The plant materials and plant virus were used as same as described in 
section 3.2.1. 
6.2.2 Transmission electron microscopy (TEM) for 
morphology study of plant leaves in cross protection 
Nicotianan benthamiana leaves infected with mock, HLSV, TMV and H+T 
(cross protected) at 8 dpi were sampled for semi-thin sectioning and TEM. The 
sample preparation was carried out as described previously (Mittler, Simon et al. 
1997). The semi-thin sections were observed and photographed under light 
microscopy Lecia MD5000B. Ultrathin sections were observed and photographed 
under electronic microscopy JEOL IEM 2010 TEM. The semi-thin sections were 
observed and photographed under light microscopy. 
6.2.3 Field inversion gel electrophoresis 
Genomic DNA was isolated using DNA extraction buffer and phenol-
chloroform method. Then the genomic DNA samples were running using CHEF-
DR® II Pulsed Field Electrophoresis system (Bio-Rad) following the setting as 
described previously (Mittler, Simon et al. 1997). 
6.2.4 RACE for ORF of NbCP2, NbPI and NbVPE1α 
The ORF of NbCP2, NbVPE1α and NbPI were obtained using GeneRacer® 
Kit with SuperScript
®
 III RT and TOPO TA Cloning
®
 Kit for Sequencing 
(Invitrogen, USA). The partial sequence of NbCP2 (KF051946), NbPI 
(AF208020) and NbVPE1α (AB181187) were used for gene specific primers 
designing. Primers NbCP2 458R & NbCP2 107F, NbPIR537 & NbPI48F and 
NbVPE-1a549R & NbVPE-1a371F were respectively used for 5’- and 3’-RACE 
for each gene, following the protocol provided. The resultant PCR products were 
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sequenced using Applied Biosystems 3130 Genetic Analyzer (Applied 
Biosystems). Amino acid alignments of different homologues of NbCP2, 
NbVPE1α and NbPI were performed using online software MAFFT version 7 
(http://mafft.cbrc.jp/alignment/server/index.html). The primers were listed in 
Table 6-1. 
6.2.5 Construction of vectors for overexpression and silencing 
of NbCP2, NbPI and NbVPE1α and co-localization analysis 
For overexpression assay, the ORF of NbCP2 with restriction enzyme sites 
Pst I and BamH I was amplified by RT-PCR using primers NbCP2ORF205F Pst I, 
NbCP2ORFR1291 BamH I and cDNA from young healthy N. benthamiana. 
Construct pGreen- NbCP2 was obtained by insertion of NbCP2ORF between 
restriction enzyme sites Pst I and BamH I before GFP in pGreen vector. Similarly, 
the ORF of NbPI and NbVPE1α with proper restriction enzyme sites (as described 
in Table 6-1) were amplified by RT-PCR using primers specific primers pairs and 
cDNA from young healthy N. benthamiana.   
For silencing assay, the partial sequence of certain genes with proper 
restriction enzyme sites was amplified by RT-PCR using specific primers and 
cDNA from young healthy N. benthamiana. Construct pTRV2-NbCP2nt(66-465), 
pTRV2-NbPInt(318-717) and pTRV2--NbVPEnt(450-855) were obtained by 
insertion of the partial sequences between proper restriction enzyme sites after  
TRVCP gene in pTRV2 vector.  
For the co-localization analysis, HLSV CP and TMV genes were inserted 
into pGreen vector in which GFP gene fragment was replaced with RFP gene 
fragment. 
 The primers were listed in Table 6-1. 
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6.2.6 Overexpression and VIGS analysises of NbCP2, NbPI 
and NbVPE1α 
For transient overexpression studies, the infiltration of tobacco (N. 
benthamidana) leaves around 3-4 weeks old with Agrobacterium tumefaciens 
GV3101 was performed as previously described (Qiao, Li et al. 2009). In this 
study, pGreen vectors were used as the binary vectors.  
For VIGS studies, the infiltration of tobacco (N. benthamidana) leaves 
around 3-4 weeks old with A. tumefaciens GV3101 was performed as previously 
described (Qiao, Li et al. 2009). Vectors pTRV1, pTRV2, pTRV2-NbCP2nt(66-
465), pTRV2-NbPInt(318-717) and pTRV2--NbVPEnt(450-855) were used. Post 
12 days of Agro-infiltration, the young and fully expended leaves with mosaic 
symptoms caused TRV infection were inoculated with mock inoculation buffer or 
certain amount of virus inocula. Similarly, total RNA was isolated from Agro-
infiltrated and inoculated leaves for detection of transcriptional level of host gene 
or viral RNA accumulation at 40 hpi. Total protein was extracted from Agro-
infiltrated and inoculated leaves for detection viral CP at 5 dpi. 
6.2.7 Co-localization analysis of NbCP2 and viral CPs 
Plasmid pGreen-NbCP2, pGreen-35S::HLSV CP:RFP and pGreen-
35S::TMV CP:RFP were used for co-localization analysis. A. tumefaciens 
GV3101 containing pGreen-NbCP2 or pGreen-35S::HLSV CP:RFP and pGreen-
NbCP2 or pGreen-35S::TMV CP:RFP were co-infiltrated into N. benthamiana 







Table 6-1 List of primers for RACE PCR and constructs of pGreen or 
pTRV2 vector 






















































































35S::HLSV CP HLSV CPR  








35S::TMV CP TMV CP R  







6.3.1 Cell structure features and ultrastructural differences in 
cross protection 
Under light microscopy, the cell structure of N. benthamiana from HLSV 
and HLSV+TMV (H+T) cross protected plants was as clear and integrated as that 
of mock inoculated plants at 8 dpi. Both palisade and spongy tissue could be 
observed clearly. Many chloroplasts were observed attached on the cell 
membrane.  Meanwhile, the cell size was similar among the plant leaves 
inoculated with mock, HLSV or H+T. In contrast, the cell structure was unclear 
and disintegrated in TMV infected plant leaves at the same time point. The cell 
size was smaller and the distance of two epidermal layers was shorter in the plant 
tissue showing necrosis caused by TMV infection (Figure 6-1). 
Similarly, under electron microscopy, the cell structure of plant leaves from 
mock, HLSV and cross protected plants was integrated. The chloroplasts were 
observed attached on the cell membrane and the size of starch granules inside the 
chloroplast was smaller as compared with HLSV or cross protected plants. More 
starch granules were observed in HLSV or cross protected plants. At the same 
time, in TMV infected leaves, the chloroplasts can not be observed anymore and 
the starch granules distributed randomly inside the cells (Figures 6-2 and 6-3). In 





Figure 6-1 Cross sections of leaves from mock buffer, HLSV, TMV or H+T 
(cross protected) inoculated plants at 8 dpi. 
The overview (panel A) and close view (panel B) of cross section of leave from 






Figure 6-2 Cell structural changes during cross protection. 
The cell morphology of N. benthamiana leaves inoculated with mock inoculation 
buffer (mock), HLSV (HLSV), TMV (TMV) and cross protected plants (H+T). 






Figure 6-3 Ultrastructural changes during cross protection. 
Chloroplasts in the cell of N. benthamiana leaves inoculated with mock 
inoculation buffer (M), HLSV (H), TMV [T (a), T (b) and T (c)] and cross 




6.3.2 DNA fragmentation analysis  
Genomic DNA (gDNA) samples from mock/HLSV/TMV/cross protected 
plants at 3, 5 and 8 dpi were detected by field inversion gel electrophoresis 
(Figure 6-4, panel A) and normal DNA gel electrophoresis (Figure 6-4, panel B). 
It was observed that the genomic DNA from mock or HLSV inoculated plant was 
integrated at all the three time points. As comparing with those samples from 
mock or HLSV inoculated plants, the gDNA was disintegrated since 5 dpi by 
TMV infection and most of the gDNA fragmented at 8 dpi. For the cross 
protected plants, the gDNA was more integrated comparing with those from 




Figure 6-4 Field inversion gel electrophoresis and normal DNA gel 
electrophoresis. 
Genomic DNA from mock/HLSV/TMV/cross protected plants at different time 
points by field inversion gel electrophoresis (A) and normal DNA gel 
electrophoresis (B).  
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6.3.3 Amino acid analysis of NbCP2, NbVPE1α and NbPI 
The ORF of NbCP2 was obtained by 3’- and 5’- RACE PCR. Amino acid 
sequences of N. tabacum cysteine protease (CP2) (AY881010, EU429306), 
Solanum lycopersicum vignain-like (XM_004236250), Petunia x hybrida cysteine 
proteinase (CP6) (AY662992), Ricinus communis putative cysteine protease 
(XM_00251123), R. communis cysteine endopeptidase precursor (CysEP) 
(AF050756), Phaseolus vulgaris endopeptidase (EP-C1) (X56753), P. vulgaris 
endopeptidase (X63102), Solanum lycopersicum KDEL-tailed cysteine 
endopeptidase (CysEP) (EU122386), Helianthus annuus scp2 cysteine protease-2 
(AB109187), Glycine max cysteine proteinase (CYSP1) (NM_001250450), Vigna 
mungo sulfhydryl-endopeptidase (X15732), V. radiata cysteinyl endopeptidase 
(VRU49445), Medicago truncatula Cysteine proteinase (XM_003638459), Vicia 
sativa cysteine proteinase (Z34895), A. thaliana papain (HM367092), A. thaliana 
KDEL-tailed cysteine endopeptidase (CEP1) (NM_124405), Sandersonia 
aurantiaca papain-like cysteine protease (SaPRT5) (AF133839), Pisum sativum 
mRNA for TPE4A thiol-protease (AJ004958), Hemerocallis sp. thiol-protease 
(X74406), H. hybrid cultivar cysteine proteinase (SEN11) (U12637) were used to 
be aligned with NbCP2 in amino acid level. Most of the cysetein proteiase 
contained KDEL motif and highly conserved in amino acid sequence (Figure 6-5). 
As same as other homologues, NbCP2 and most cysteine protease contain 
ERFNIN motif (EX3 RX3FX2NX3I/VX3N). NbCP2 and other cysteine proteases 
except SaPRT5 contain GCNGG motif in the similar region. All the aligned 













Figure 6-5 Amino acid sequence alignments between NbCP2 and other 
homologues.   
The cleavage site was pointed out in red arrows. Conserved ERFNIN motif is 
pointed by “ ”. Green boxed amino acids indicate GCNGG motif residues and 




NbPI obtained by RACE was aligned with N. glutinosa putative proteinase 
inhibitor (AF208020). The similarity was high but there were still some amino 
acid differences between the two sequences (Figure 6-6). 
 
 
Figure 6-6 Amino acid sequence alignments between NbPI and NgPI.  
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N. benthamiana vascular processing enzyme 1α obtained by RACE PCR 
was aligned with N. tabaccum vascular processing enzyme 1a (NtVPE1a, 
AB075947) and N. tabaccum vascular processing enzyme 1b (NtVPE1a, 
AB075947). They were highly conserved in amino acid level (Figure 6-7). 
 
 
Figure 6-7 Amino acid sequence alignments between NbVPE1α and its 




6.3.4 NbCP2, NbPI and NbVPE1α function analysis by 
transient overexpression assay 
To analyze the function of NbCP2, NbPI and NbVPE1α in virus 
accumulation, the transient overexpression analysis was carried out. The 
transcriptional levels of NbCP2, NbPI and NbVPE1α were 2X more in transient 
overexpressed plant leaves than the control those infiltrated with empty pGreen 
and mock or virus inoculated plants at 40 hpi  (5 dpa) (Figure 6-8, panel A). 
With the transient overexpression of NbCP2 or NbVPE1α, HLSV 
accumulation increased as compared with that infiltrated with empty pGreen and 
HLSV inoculation. At the same time, the transient overexpression of NbPI did not 
affect HLSV accumulation dramatically as compared with that infiltrated with 
empty pGreen and HLSV inoculation (Figure 6-8, panel B, left).  Meanwhile, 
with the transient overexpression of NbCP2 or NbVPE1α, TMV accumulation did 
not increased dramatically, but it decreased a little with the transient 
overexpression of NbPI (Figure 6-8, panel B, right).   
To further study the role of NbCP2 and NbVPE1α, HLSV+TMV (100:1) 
mixed viruses were also inoculated onto the plants with transient overexpression 
of NbCP2 or NbVPE1α and pGreen empty vector infiltrated control. In 
HLSV+TMV (100:1) mixed infected plant leaves, HLSV accumulation increased 
dramatically in the plants with overexpression of NbCP2 or NbVPE1α (Figure 6-8, 
panel C, left).  At the same time, TMV accumulation was similar in the mixed 
infection between the control and with transient overexpression of NbCP2. With 
the transient overexpression of NbVPE1α, the TMV accumulation decreased a 





Figure 6-8 Transient overexpression analysis of NbCP2, NbPI and NbVPE1α. 
Transcriptional levels of NbCP2, NbPI and NbVPE1α genes (A), viral 
accumulation levels with mock or single virus inoculated (B) and viral 
accumulation levels in mixed virus infections as comparing with those of single 
virus infection (C). 
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6.3.5 NbCP2, NbPI and NbVPE1α function analysis by VIGS 
assay  
To analyze the function of NbCP2, NbPI and NbVPE1α in virus 
accumulation, the VIGS analysis was also performed. The transcriptional levels of 
NbCP2, NbPI and NbVPE1α were reduced in the upper leaves in pTRV1+ pTRV2 
vector sets [pTRV1+pTRV2-NbCP2nt(66-465), pTRV2-NbPInt(318-717) or 
pTRV2--NbVPEnt(450-855)] infiltrated plant than the control those coinfiltrated 
with pTRV1+pTRV2 and mock or virus inoculated plants at 40 hpi  (5 dpa for 
agroinfiltration) (Figure 6-9, panel A). But the transcriptional level of NbCP2 was 
upregulated again by HLSV infection but not TMV.  
With the silencing of NbCP2, HLSV accumulation increased as compared 
with that infiltrated with pTRV1+pTRV2. At the same time, the silencing of NbPI 
increased HLSV accumulation as compared with that infiltrated with 
pTRV1+pTRV2 and HLSV inoculation. At the same time, with the silencing of 
NbVPE1α, HLSV accumulation decreased a little bit (Figure 6-9, panel B, left).  
Meanwhile, with silencing of NbCP2 did not affect TMV in accumulation. TMV 
accumulation was also increased by the deficient expression of NbPI. The, TMV 
accumulation decreased a little with the deficient expression of NbVPE1α (Figure 








Figure 6-9 VIGS analysis of NbCP2, NbPI and NbVPE1α. 
Transcriptional level of NbCP2, NbPI and NbVPE1α genes (A) and viral 




6.3.6 NbCP2 co-localized with viral CPs 
To further understand the relationship NbCP2 and viral proteins, the 
expression location of NbCP2 was analized and the co-localization analysis was 
also performed. As can be seen in Figure 6-10, NbCP2 located on ER and NbCP2 
co-localized with HLSV CP and TMV CP. 
 
 
Figure 6-10 Co-localization analysis of NbCP2 and viral CPs. In raw 1, 
NbCP2 expressed with GFP gene and located on ER in red florescence 
channel. In raw 2, NbCP2 expressed with GFP gene colocalized with HLSV 
CP which fused with REP gene. In raw 3, NbCP2 expressed with GFP 





In plants, PCD is considered to be triggered in several separated pathways 
and in response to certain pathogens (Dietrich, Delaney et al. 1994; Greenberg, 
Guo et al. 1994; Hammond-Kosack, Harrison et al. 1994; Levine, Tenhaken et al. 
1994; Pontier, Godiard et al. 1994; Mittler and Lam 1995; Jabs, Dietrich et al. 
1996; Levine, Pennell et al. 1996; Mittler, Shulaev et al. 1996; Ryerson and Heath 
1996). TMV induced programmed cell death in tobacco with N gene (Mittler, 
Simon et al. 1997). In tobacco with N gene, the programmed cell death was 
known as HR around the virus infection site. 
In this study, N. benthamiana, without N gene, was used as plant material. 
TMV caused systemic necrosis in N. benthamiana. The necrosis was observed 
around 4-5 dpi by TMV on the inoculated leaves and at 7 dpi the necrosis was 
spreaded into the upper new grown leaves. In this study, it was observed that in 
cross protected plants the cell death caused by TMV infection was postponed and 
more integrated gDNA was detected. It was found that HLSV can cross protected 
N. benthamiana against TMV infection. In the cross protected plants, HLSV 
accumulation increased while TMV accumulation decreased. These results 
suggest that the decreased TMV level can postpone the cell death caused by TMV 
infection.  
To further study why there is viral accumulation shift in cross protected 
plants, genes NbCP2, NbPI and NbVPE1α were analyzed for their roles in cross 
protection. HLSV accumulation can be increased by the overexpression of NbCP2 
and NbCP2 was up-regulated by HLSV infection. Taken the trend of the 
transcriptional level of NbCP2 together, the increased HLSV level may caused by 
the up-regulation of NbCP2 in cross protection. The overexpression of NbPI did 
not increase HLSV or TMV accumulations. Oppositely, the silencing of NbPI can 
increase viral levels in N. benthamiana, which indicated that the up-regulation of 




Chapter 7 Screening of host interaction 
proteins with Hibiscus latent Singapore virus 
coat protein 
7.1 Introduction 
The CPs of plant viruses have multiple functions including encapsidation of 
nucleic acids, interaction with other proteins encoded by viral and host plant 
genome (Beachy 1999), involvement in cell-to-cell or long distance systemic 
movement (Nagano, Mise et al. 1999), genome activation (Tenllado and Bol 
2000), induction of HR and symptom modulation (Taraporewala and Culver 
1996). Mutation of viral CP may lead to attenuation of symptoms or abolition of 
viral infection in some host species (Laakso and Heaton 1993; Callaway, Huang 
et al. 2000). 
In the tobacco plants with N gene, TMV-OM (common strain) spreads 
systemically with mosaic symptoms; while TMV-L (tomato strain) causes 
necrosis- local lesions. To verify the viral factors involved in necrosis formation 
by TMV-L, some researchers constructed some combined viruses between TMV-
OM and TMV-L. TMV-L with coat protein from TMV-OM spread systemically 
with mosaic symptoms in the N gene plants. This result indicated that viral coat 
protein sequence may encode the symptom determinant (Saito, Meshi et al. 1987). 
TMV CP mediated in resistance to TMV infection in common tobacco N. 
tabacum (Bendahmane, Chen et al. 2007). With the development of plant 
transformation, TMV coat proteins were transformed into plant, which was used 
to reduce the infection of TMV. However, the resistance of transgenic plant with 
TMV CP to TMV infection could be overcomed by larger amount of TMV 
challenge inocula or purified virus particles (Nelson, Abel et al. 1987).  
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Yeast two hybrid (Y2H) is one of the economical and applied approaches 
for the study of protein- protein interactions. Since the early 1990s, Y2H approach 
has been broadly used to dissect signaling pathways and define plentiful viral-host 
protein interactions. The principle of the experiment is that upstream activating 
sequence (UAS) is able to trigger the downstream reporter gene(s) by binding of 
the transcription factor. The transcription factor is separated into activating 
domain (AD) and binding domain (BD) and it will be activated only when the two 
domains meet each other in the yeast cells. The two proteins for interaction testing 
are individually fused with the above two domains. Thus, the interaction of the 
two proteins will activate the transcription factor, which will result in the 
transcription of the downstream reporter gene. The Y2H assay has been applied in 
large scale screening of host protein- viral protein interaction and also between 
viral proteins in a small sale, which include interactions between BMV 1a-2apol 
and 1a-1a, TBSV p33-p92pol and p33-p33 (Rajendran and Nagy 2004), TMV 
126K-183K, and 126K-126K (Goregaoker, Lewandowski et al. 2001), and P1-P2 
proteins of Alfalfa mosaic virus (AMV) (Van Der Heijden, Carette et al. 2001). 
It’s unclear that the mechanism of cross protection between HLSV and 
TMV. To understand the involvement of host factor/coat protein in cross 
protection and the interactions between coat protein and host proteins, Y2H was 




7.2 Materials and methods 
7.2.1 Construction and screening of N. benthamiana cDNA 
library 
The N. benthamiana cDNA library was constructed using the 
matchmaker™ library construction & screening kit (Clontech) following the 
manufacturer’s protocols. Total RNAs were extracted from new grown upper of N. 
benthamiana leaves at a consistent time point, which were inoculated with mock, 
HLSV, TMV and H+T as described in section 3.2.3 using the TRIzol® 
(Invitrogen) reagent. The mRNA of N. benthamiana was extracted using a Fast 
Track™ MAG Maxi mRNA Isolation Kit (Invitrogen), which were used for 
cDNA library construction. First-strand cDNA was synthesized using an oligo 
(dT) primer from mRNA by Moloney murine leukemia virus (MMLV) reverse 
transcriptase. The ds cDNA was synthesized by BD advantage 2 polymerase mix 
and purified with a BD CHROMA SPIN™ TE-400 Column. The yeast strain 
AH109 was transformed with double strand (ds) cDNA and pGADT7-Rec and 
poured on SD-Leu plate. The library titer was determined by spreading 100 µl of 
a 1:100, 1:1,000, and 1:10,000 dilutions on 100 mm SD/–Leu plates. The plates 
were incubated at 30 °C until colonies appear (around 2-3 days). The cells were 
dislodged into the liquid using sterile glass beads and combined into a sterile flask. 
The small portion of a cDNA library containing genes which were 
expressed in response to virus infection in cross protection was generated and 
screened using the Y2H system. The cDNAs were recombined into pGADT7-Rec 
vectors and fused to the GAL4 activation domain (AD) in AH109. The HLSV CP 
(bait) was inserted into pGBKT7 vector and expressed as a fusion protein with the 
GAL4 DNA-binding domain (BD) in Y187. In the first step of screening, yeast 
mating was used as described above. The yeast diploids from successful mating 
were selected by culturing on SD/-Ade/-His/-Leu/-Trp plates as the diploids can 
produce adenine and histidine from the ADE2 and HIS3 genes. In the second step 
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of screening, co-transformation was used to confirm the positive protein-protein 
interactions. In co-transformation, both vectors (which were isolated from 
colonies from the previous step of screening) were co-transformed into AH109, 
which was directly cultured onto SD/-Ade/-His/-Leu/-Trp plates. After each step 
of screening, the plasmid were isolated and checked by agarose gel 
electrophoresis. Plasmids containing the cDNAs were selected from blue colonies 
grown on quadruple dropout medium: SD/–Ade/–His/–Leu/–Trp, which should be 
the candidate of positive protein-protein interactions. The plasmids were extracted 
from the yeast cells and transformed into E.coli. The cDNA sequences were 
obtained following PCR and DNA sequencing and alignment as described in 
section 2.3.7. 
All primers used were listed in Table 7-1. 
7.2.2 Sequencing and cloning 
The HLSV CP gene was amplified by PCR using appropriate primers, 
digested with EcoRI/BamHI, and ligated into the EcoRI and BamHI-digested 
pGBKT7 vector to give pGBKT7-CP. HLSV replication protein (HLSV REP), 
TMV CP and TMV replication protein (TMV REP) were cloned into pGBKT7 
vector. Similarly, the complete ORF of N. benthamiana tonoplast intrinsic protein 
(NbTIP) was amplified and cloned into the pGADT7 vector. 
7.2.3 5’ RACE PCR to amplify the complete sequence of 
NbTIP 
The total RNA was purified and the cDNA was synthesized as described 
earlier in section 2.4. The 5’- gene specific primer was designed to amplify 5’ 
region of gene NbTIP based on the partial sequence in pGADT7 vector. The PCR 
product was cloned into TA vector and sequenced. The sequence was analyzed as 
described in section 2.3.7. The sequence of 5’ region of NbTIP was combined 
with the 3’ region of NbTIP in pGADT7 vector. One pair of primers 
complementary to the 5’ and 3’ terminals were designed and used to amplify the 
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complete ORF of NbTIP. The amino acid sequence alignment was carried out 
using online software MAFFT version 7 
(http://mafft.cbrc.jp/alignment/server/index.html) 




Table 7-1 List of primers for cDNA library construction 
Primer Primer sequence (5'-3') Usage 



























7.2.4 Confirmation of the interaction by small scale Y2H 
To confirm the interaction between HLSV CP and NbTIP, pGBKT7-HLSV 
CP and pGADT7- NbTIP were co-transformed into the yeast strain AH109.  To 
test if there was interactions between HLSV REP and NbTIP, TMV CP and 
NbTIP and TMV REP and NbTIP, The plasmids of pGBKT7-HLSV CP, -HLSV 
REP, -TMV CP, -TMV REP were separately co-transformed with pGADT7-
NbTIP into AH109 competent cells. Plasmids pGBKT7-53 + pGADT7-RecT 
were set as a positive control. Plasmids pairs, pGBKT7-Lam+pGADT7-RecT, 
pGADT7+pGBKT7-CP and pGADT7-NbTIP+pGBKT7, were set as negative 
controls. Plasmids pairs were co-transformed into AH109 competent cells and 
plated onto SD/-Leu/-Trp/-Ade/-His solid medium. Yeast colonies were streaked 
onto the same solid medium supplemented with 5-bromo-4-chloro-3-indolyl-α-D-
galactopyranoside (X-α-Gal), and incubated at 30 °C for 24 h to monitor α-
galactosidase expression. 
7.2.5 Plant materials and construction of plasmids for 
bimolecular fluorescence complementation (BiFC), 
overexpression and silencing assays 
The N. benthamiana seedlings were gown in growth room under 16 h light 
and 8 h dark at 23 °C. The young and fully expended leaves from 6-8 leaves stage 
seedlings were used for protoplasts isolation as described in section 2.7.1.  
The plasmids used in the BiFC assay, pSAT1-nEYFP-C1 and pSAT1-
cEYFP-C1 (B), were purchased from the Arabidopsis Biological Resource Centre, 
The Ohio State University, U.S.A. The full-length ORF of NbTIP was PCR-
amplified and digested with Xho I/EcoR I and ligated into the pSAT1-nEYFP-C1. 
The full coding sequence of HLSV CP, HLSV REP, TMV CP and HLSV CP 
were PCR-amplified and digested with proper restriction enzyme sites and ligated 
into pSAT1-cEYFP-C1 (B). 
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The full-length ORF of NbTIP was PCR-amplified and digested with EcoR 
I/Sma I and ligated into pGreen vector for overexpression assay. A partial 
sequence 1-342 nt of NbTIP was cloned into TRV2 vector with EcoR I/BamH I. 
The plasmid pGreen-NbTIP and TRV2-NbTIPnt (1-342) were transformed into A. 
tumefaciens GV3101 as described in section 2.8. All of the primers used in this 
study are listed in Table 7-2. The restriction enzyme sites were underlined in 
Table 7-2. 
7.2.6 Overexpression and silencing assay of NbTIP in N. 
benthamiana 
The transcriptional level of NbTIP, HLSV CP and TMV CP were detected 
by real time RT-PCR using specific real time PCR primers at 40 hr post virus 
inoculation in N. benthamiana. 
The total RNA isolation and reverse transcription reaction were performed 
as described in section 2.4. 
7.2.7 Vacuole isolation and western blot  
As NbTIP localized on the membrane of vacuoles, it was a direct way to 
identify if there was viral CP localized on it. Vacuoles from mock, HLSV, TMV 
and cross protected plants were isolated according to the method described 
previously (Saunders 1979).  
Protein was extracted from the vacuoles and western blot was performed as 





Table 7-2 List of primers for screening, verification of protein-protein 
interaction, BiFC, overexpression and silencing assay 
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7.3.1 N. benthamiana cDNA Library constructed 
A cDNA library in yeast expression vector pGADT7, fusing with GAL4 
activation domain, was constructed using mRNAs extracted from young, fully 
expanded upper leaves of mock, HLSV, TMV and HLSV+TMV infected N. 
benthamiana plants in a 20 day-time period. The library was screened using a 
coding sequence of HLSV CP fused with the GAL4 DNA-binding domain as bait. 
Around 50 positive colonies, 13 clones with sharp positive bands were selected 
and sequenced. The putative interacting proteins included homologs  of long-
chain-fatty-acid-CoA ligase ,  Arabidopsis thaliana putative rhodanese family 
protein, oxidoreductase, xyloglucanase-specific endoglucanase inhibitor protein, 
26S proteasome subunit alpha 4 mRNA, NbTIP1 mRNA for tonoplast intrinsic 
protein, auxin influx transport protein, glutamine synthetase and some unknown 
proteins (Table 7-3).  
7.3.2 Open reading frame (ORF) of NbTIP was obtained by 5’-
RACE 
Tonoplast intrinsic protein (TIP) of N. benthamiana was one of the putative 
proteins which interacted with HLSV CP by Yeast-two-hybrid. Arabidopsis 
tonoplast proteinsprotein was reported to interact with the replication protein of 
Cucumber mosaic virus (CMV) (Kim, Kim et al. 2006). To obtain the whole 
sequence, 5’- RACE was performed according to SMART™ RACE cDNA 
Amplification Kit user manual (Clontech).  
The cDNA of TIP open reading frame (ORF) was obtained, cloned into 
pGEM-T easy vector and sequenced. By nucleotide and amino acid sequence 
alignments, we confirmed a homologue of NbTIP in N. benthamiana. The NbTIP 
ORF was highly conserved with the homologues in other tobacco species, 
including N. tobacum aquaporin 1 NtTIP (GenBank accession No. Y08161.1), N. 
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glauca gama TIP NgTIP (GenBank accession No. AF290619.1), Perunia X 




Table 7-3 Colonies with cDNA sequences matching the putative proteins  
in NCBI database 
No.    Homologs  Function 
Y2H32  long-chain-fatty-acid-CoA ligase  
 
Y2H33 
Arabidopsis thaliana putative 
rhodanese family protein   
Y2H34 oxidoreductase  
Transfer electrons from one 
molecule to another 
Y2H35 unknown protein   




endoglucanase inhibitor protein   
Y2H42 




NtTIP1 mRNA for tonoplast 
intrinsic protein 
Interact with CMV replicase, 
may infect virus replication, 
cell enlargement 
Y2H45  unknown protein 
 
Y2H49   auxin influx transport protein 
Involved in plant development,   
organ development 
Y2H53   glutamine synthetase  
Enhanced tolerance to salt 








Figure 7-1 Amino acid sequence alignments between NbTIP and other 
homologues in tobacco and petunia.  




7.3.3 Verification of protein- protein interaction between viral 
proteins and NbTIP by small scale Y2H  
To confirm the protein-protein interaction between HLSV CP and NbTIP 
and also to test the protein interactions between TMV CP/ NbTIP, HLSV REP/ 
NbTIP, and TMV REP/ NbTIP, pGBKT7-HLSV CP and pGADT7-NbTIP, 
pGBKT7-HLSV REP and pGADT7-NbTIP, pGBKT7-TMV CP and pGADT7-
NbTIP and pGBKT7-TMV REP and pGADT7-NbTIP were co-transformed into 
competent cells of yeast strain AH109. The transformants of pGBKT7-TMV 
REP+pGADT7-NbTIP, pGBKT7-TMV CP+pGADT7-NbTIP, pGBKT7-HLSV 
REP+pGADT7-NbTIP, pGBKT7-HLSV CP+pGADT7-NbTIP and the positive 
control grew on SD/-Leu/-Trp and SD/-Leu/-Trp/-His agar plates (Figure 7-2). 
7.3.4 Co-localization analysis of viral proteins and NbTIP by 
BiFC assay 
Plasmids pairs pSAT1-nEYFP-C1-NbTIP & pSAT1-cEYFP-C1 (B)-TMV 
REP, pSAT1-nEYFP-C1-NbTIP & pSAT1-cEYFP-C1 (B)-TMV CP, pSAT1-
nEYFP-C1-NbTIP & pSAT1-cEYFP-C1 (B)-HLSV REP, pSAT1-nEYFP-C1-
NbTIP & pSAT1-cEYFP-C1 (B)-HLSV CP, pSAT1-nEYFP-C1 & pSAT1-
cEYFP-C1(B) were co-transfected into N. benthamiana protoplast to monitor 
their subcellular localizations. The protoplasts isolation and transfection were as 
same as the previous description in section 2.7. The protoplasts were observed 
under a Leica TCS SP5 X confocal imaging system. Yellow fluorescence was 
excited at 514 nm and detected at 580 nm, 24 hr post transfection. There was no 
yellow fluorescence signal among pSAT1-nEYFP-C1-NbTIP & pSAT1-cEYFP-
C1 (B)-TMV REP, pSAT1-nEYFP-C1-NbTIP & pSAT1-cEYFP-C1 (B)-TMV 
CP, pSAT1-nEYFP-C1-NbTIP & pSAT1-cEYFP-C1 (B)-HLSV REP, pSAT1-
nEYFP-C1-NbTIP & pSAT1-cEYFP-C1 (B)-HLSV CP, pSAT1-nEYFP-C1 & 







Figure 7-2 NbTIP interacts with viral proteins verified by Y2H.  
(A) The illustration of constructs used for small scale of Y2H. (B) NbTIP 









Figure 7-3 Co-localization analysis of viral proteins and NbTIP by BiFC 
assay.   
(A) The illustration of constructs used for BiFC. (B) No co-localization signals 




7.3.5 Detection of transciptional level of NbTIP in cross 
protection, transient overexpression and silencing assay 
By real time RT-PCR, he transcriptional level of NbTIP decreased in virus 
infected leaves as comparing with that of mock buffer inoculated leaves [Figure 
7-4 (A)].  
To examine the relationship between transcripts level of NbTIP and virus 
accumulations in cross protection, a overexpression assay about NbTIP was 
carried out, in which empty pGreen vector was set as a negative control. At 40 hr 
post mock or virus inoculation, transcript levels of NbTIP or virus accumulation 
levels were determined. NbTIP gene can by slightly up-regulated by Agro-
infiltration of GV3101horbouring pGreen-NbTIP [Figure 7-4 (B)]. HLSV CP 
accumulation increased slightly with the up-regulation of NbTIP while there was 
no much differences in TMV accumulation when comparing with that of negative 
control [Figure 7-4 (C)]. 
Not only overexpression analysis of NbTIP but also the silencing 
experiment was performed to examine the role of NbTIP in virus accumulation. 
Partial sequence (nt 1-342) of NbTIP ORF was inserted into pTRV2 vectors. 
Empty pTRV2 vector was worked as a negative control. Plasmids pTRV1, 
pTRV2 and pTRV-NbTIP nt(1-342) were transformed into A. tumefaciens 
GV3101 individually. Then the A. tumefaciens GV3101containing pTRV2 or 
pTRV-NbTIP nt(1-342) was co- infiltrated with A. tumefaciens 
GV3101containing pTRV1into N. benthamiana leaves. At 40 hr post mock or 
virus inoculation, transcript levels of NbTIP or virus accumulation levels were 
determined. NbTIP gene can be silenced by co-infiltration of pTRV1 and pTRV-
NbTIP nt(1-342)  [Figure 7-4 (D)]. With the silencing of NbTIP, virus 
accumulations were not affected dramatically [Figure 7-4 (E)]. 
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7.3.6 Vacuoles isolation and western blot 
Integrated vacuoles can be isolated from mock, HLSV and cross protected 
plants but not from TMV infected plants at 7 dpi by TMV inoculation. And there 











Figure 7-5 Transcriptional level of NbTIP and virus accumulation during 
cross protection, overexpression and silencing experiment. Transcriptional 
level of NbTIP  in cross protection (A),  in overexpression assay (B) and silencing 




To identify new novel host proteins involved in interaction with viral 
protein, a wild used method, yeast two hybrid, was employed. Yeast two hybrid 
was a good method in screening and identifying putative candidate protein. A 
cDNA library was generated from virus infected plants. In this study, HLSV CP 
protein was used as a bait to do the screening. As replication proteins and coat 
proteins were involved in replication complex in tobamovirus (Asurmendi, Berg 
et al. 2004), TMV replication protein, TMV coat protein and HLSV replication 
protein were also determined by small scale of Y2H in protein-protein interaction 
with host protein NbTIP.  
The interactions for NbTIP/ HLSV REP, NbTIP/ HLSV CP, NbTIP/ TMV 
REP and NbTIP/ HLSV CP should be weak as they can only grow on SD/-His/-
Leu/-Trp plats instead of SD/-Ade/-His/-Leu/-Trp plats. At the same time, there 
was no yellow fluorescence among pSAT1-nEYFP-C1-NbTIP & pSAT1-cEYFP-
C1 (B)-TMV REP, pSAT1-nEYFP-C1-NbTIP & pSAT1-cEYFP-C1 (B)-TMV 
CP, pSAT1-nEYFP-C1-NbTIP & pSAT1-cEYFP-C1 (B)-HLSV REP, pSAT1-
nEYFP-C1-NbTIP & pSAT1-cEYFP-C1 (B)-HLSV CP, pSAT1-nEYFP-C1 & 
pSAT1-cEYFP-C1(B) co-transfected protoplasts, which also indicated that the 
interaction between NbTIP and viral proteins was weak or negative. At the same 
time, CP can not be detected from the vacuoles protein by western blot, which 
also indicated that there may be weak or no interaction between viral proteins and 
NbTIP. 
AtTIP was reported interact with replicase of CMV and affected viral 
replication (Kim, Kim et al. 2006). In this study, we also examined the role of 
NbTIP in virus accumulation by overexpression and silencing assays. It was found 
the transcript level of NbTIP decreased in virus infected leaves in cross protection. 
If additional NbTIP was provided by transient overexpression, HLSV 
accumulation increased but it seems no affect on TMV accumulation. At the same 
time, with the deficient product of NbTIP, for both HLSV and TMV, the 
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accumulation level was not dramatically affected. Considering the decreased 
transcripts level of NbTIP during cross protection, NbTIP may not play important 
roles in a successful cross protection between HLSV and TMV in N. benthamiana.  
112 
 
Chapter 8 Conclusion and future work 
The aim of this study is to test if cross protection exist between HLSV and 
TMV. It was found HLSV can cross protected N. benthamiana against TMV 
infection. To determine the RNA levels of HLSV and TMV by real time reverse 
transcription (RT) PCR (real time RT- PCR) and western blot during cross 
protection in N. benthamiana,  it was found that the accumulation of HLSV 
increased in cross protected plants compared with that of single HLSV infected 
plants. At the same time, the amount of TMV decreased in cross protected plants 
contrasting with that of single TMV infected plants. A possible explanation is that 
the pre-inoculation of HLSV may assist HLSV for the competition with TMV for 
some replication materials, which will enhance the accumulation of HLSV in 
cross protected plants.  
To understand the host transcriptional profiling before and during cross 
protection between HLSV and TMV, a microarray analysis was performed using 
tobacco 4×44k chip from Agilent. Based on Gene ontology of microarray results, 
it was shown that 1,938 genes changed in transcriptional levels in HLSV infected 
plants compared with mock inoculation buffer infected plants which were 
involved in defense or stress responses. Meanwhile, 1,826 genes changed in 
transcriptional levels in cross protected plants compared with single TMV 
infected plants. These genes were involved in stress, defense response and 
hormone stimulus. It suggests that HLSV increases or decrease the defenses 
response for a successful cross protection. This finding is significant as the 
transcriptional profiling changes in cross protection can be understood for the first 
time. However, it should be pointed out that it cannot provide the complete gene 
ontology information or describe the pathways in cross protection as genome 
sequence information of N. tobacum or N. benthamiana is incomplete yet. 
Moreover, to confirm genes that are down or up regulated after HLSV infection 
which interfere with TMV infection, a 20-day time course assay was conducted to 
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monitor the transcriptional levels of selective genes, such as NbACC, NbARP1, 
NbWYKY7, NbWRKY8, NbWIPK, NbSAR8.2m, NbHSP101, NbTOM1 and 
NbVPE1α.  Taking virus accumulations results together, the genes involved in 
defense response, viral protein translation or virus replication changed along with 
the level of TMV accumulation. NbARP1, NbCam3, NbCP2 and NbPI were up-
regulated in cross protected plants and single HLSV infected plants. These results 
are demonstrated that the defense response is closely related to virus 
accumulations.  
Tobamovirus multiplication 1 (TOM1) gene interacts with tobamovirus 
replication protein 126KD, which is essential for tobamovirus replication 
(Yamanaka, Ohta et al. 2000; Chen, Jiang et al. 2007; Hagiwara-Komoda, Hirai et 
al. 2008). In this study, NbTOM1, one of replication materials, was taken as an 
example. The transient overexpression of NbTOM1 facilitated HLSV 
accumulation in HLSV+TMV 100:1 mixed infection. At the same time, the 
silencing of NbTOM1 reduced the accumulation HLSV and TMV, which 
indicated that NbTOM1 is also important for HLSV and TMV replication as one 
of replication materials in host plants. Taken together, these results are in 
agreement with the explanation of cross protection in the early 1970s that viruses 
required some components for replication and the protecting strain might occupy 
some specific sites for replication (Bawden 1934; Kohler 1934; Kunkel 1934; 
Caldwell 1935; Bawden 1964; Hull and Plaskitt 1970; Kassanis, Gianinaz.S et al. 
1974).  
To determine if there are roles of NbCP2, NbPI and NbVPE1α in virus 
accumulation and PCD, TEM, functional studies by transient overexpression and 
silencing of candidate genes and co-localization of NbCP2 and viral CPs were 
performed. It was observed that in cross protected plants the cell death caused by 
TMV infection was reduced. Taken the decreased TMV accumulation in cross 
protection and the result the serial concentration of TMV inocula in large scale of 
cross protection together, it was suggested that lower TMV accumulation will 
postpone the cell death caused by TMV infection. To understand if the host genes 
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NbCP2, NbPI and NbVPE1α can facilitate HLSV accumulation in cross 
protection, transient overexpressions of NbCP2, NbPI and NbVPE1α were carried 
out. It was found that both overexpression of NbCP2 and NbVPE1α facilitated 
HLSV accumulation. However, only NbCP2 was up-regulated by HLSV infection 
in cross protection. Even TMV accumulation increased in both overexpression of 
NbCP2 and NbVPE1α, there was only NbVPE1α up-regulated in single TMV 
infection. These results suggest that HLSV accumulation was increased by up-
regulation of NbCP2 in cross protected plants. The pathway or mechanism of up-
regulation in HLSV infection can be conducted in further research. 
To identify host proteins involved in cross protection between HLSV and 
TMV, a cDNA library of N. benthamiana was constructed for Yeast two hybrid 
(Y2H). Some interesting host protein candidates from N. benthamiana which 
interacted with HLSV CP were screened using HLSV coat protein as a bait 
protein, including tonoplast intrinsic protein (TIP), auxin influx transport protein, 
glutamine synthesize and other genes. These interactions between open reading 
frame of NbTIP and viral proteins were achieved in the following verification 
using small scale Y2H and bimolecular fluorescence complementation (BiFC) 
assay. Although there was interaction between NbTIP and viral proteins by Y2H, 
it failed to verify the interactions by BiFC using two sets of BiFC vectors. It 
should be pointed out that there might be false positive results by Y2H. In this 
case, it is important to confirm the interaction of proteins using other methods 
such as BiFC and immuno-transmission electron microscopy (immuno-TEM). To 
further confirm the interaction between NbTIP and viral proteins, the BiFC assay 
with switching of insertions between one pair of vectors and immuno-TEM could 
be performed in future. Due to time limitation, this study could not consider all 
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